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Abstract

Purpose

To assess the effects of age and refractive status on anterior segment anatomical struc-
tures, including the ciliary body, using a new swept-source anterior segment optical coher-
ence tomography (AS-OCT) device.

Methods

This prospective observational study included 63 healthy volunteers (mean age: 44.2
years). Images of the anterior segment were obtained using a new swept-source AS-OCT
(ANTERION, Heidelberg Engineering GmbH, Heidelberg, Germany) with tracking and
image averaging from the right eye of all participants. Repeatability as well as inter- and
intra-observer reliability of biometric measurements were evaluated. The impact of image
tracking and averaging on ciliary muscle measurements was tested. Univariate and multi-
variable statistical models were developed to evaluate the relationship of age and refractive
status on anterior segment biometric measurements.

Results

For all test-retest repeatability and inter- and intra-observer reproducibility of swept-source
AS-OCT measurements, high intraclass correlation (ICC) was noted (0.88—1.00). The nasal
maximum ciliary muscle thickness (CMTMAX) and distance between scleral spur to the
thickest point of the ciliary muscle (SSMAX) were larger than those on the temporal side
(p<0.001 and p=0.006, respectively). Nasal and temporal CMTMAX (p = 0.004 and
p<0.001, respectively) and lens thickness (p<0.01) increased with age. Nasal and temporal
SSMAX decreased with older age and increasing hyperopia (p = 0.01 and p<0.001, respec-
tively). Image averaging resulted in improved ciliary muscle measurements (p =0.008 to
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0.02). Lens vault increased with older age and increased hyperopia (p<0.01). OCT mea-
surements of the angle decreased with older age and increased hyperopia (p<0.001 to
0.03). Aqueous depth decreased with older age and increased hyperopia (p<0.01). Pupil
diameter decreased with older age (p<0.01).

Conclusions

Repeatability and reproducibility of biometric measurements using the ANTERION AS-OCT
were excellent. Image averaging improved the accuracy of ciliary muscle measurements.
The device produced measurements of biometric parameters that described superficial and
deep structures including the ciliary body and full lens thickness from a single image.

Introduction

Optical coherence tomography (OCT) was described over 20 years ago [1], now with wide-
spread use. Clinically, posterior segment OCT is nearly standard-of-care for every patient pre-
senting with the posterior-segment disease around the macula and nerve. For research, poste-
rior segment OCT measurements are also highly repeatable so that they can be considered
advantageous to functional visual end-points during FDA-trials of age-related macular degen-
eration and inherited retinal diseases [2]. Recently, AS-OCT has been developed for clinical
purposes [3, 4]. It is widely used for research but less so during clinical care (compared to pos-
terior-segment OCT) as not every patient with suspected anterior segment alteration necessar-
ily receives AS-OCT. Limitations of AS-OCT include the absence of image tracking for image
averaging and longitudinal follow-up, and the need to better capture the entire anterior seg-
ment in one image.

Tracking refers to the process by which OCTs can monitor the position or orientation of
the eye based on a reference point or structure to ensure that OCT B-scans are acquired from
the same location across or within imaging sessions [5]. High-quality tracking tracking has
two important benefits. First, accurate tracking allows longitudinal OCT assessment in the
same location in a single subject over time across multiple imaging sessions [6]. This is critical
for uncovering the natural history of disease or treatment success/failure over time. Second,
tracking within an image acquisition session allows B-scans to be accurately taken in specific
locations multiple times [7, 8]. This is important for new imaging modalities such as OCT-
angiography which visualizes changes in OCT reflectivity in focal areas [9, 10]. Doing so also
allows multiple B-scans from one location to be averaged, which improves image signal-to-
noise ratio. At this time, no commercial AS-OCT is known to perform all of these above
functions.

In addition, it is difficult to obtain high resolution AS-OCT images that display the entire
anterior segment, from the anterior corneal to the posterior lens surface. Imaging the entire
anterior chamber is challenging due to its area and depth. However, this is important because
the anterior chamber has many anatomical components that contribute to various diseases. As
a comparison, posterior segment OCT usually images a macular area not much larger than a
few square millimeters and several hundred microns deep. The anterior chamber around the
limbus covers a large area (the distance around limbus [2nR]: > 35 mm; surface area [nR?]: >
100 square millimeters; and depth of imaging: ~8 mm [from the anterior cornea to the poste-
rior lens]). Based upon commercially available lasers at the time of development, initial time-
domain OCTs scanned at a wavelength of ~1300 nm which provided adequate depth of
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imaging (including the ciliary muscle) but lacked in resolution and speed [4], required to
image a large area. Subsequent spectral-domain OCT's used ~800 nm laser wavelengths which
improved speed and resolution but then usually focused the image to one side of the eye while
not being able to image deep structures such as the ciliary muscle [4]. Swept-source OCT
(SS-OCT), using a ~1300 nm laser, improved on this with better speed and depth of penetra-
tion [4]. Multiple publications have described SS-OCT for imaging the cornea, anterior cham-
ber, anterior chamber angle, and iris [11-17], although tracking capabilities and full lens
thickness imaging could not be performed. Thus, SS-OCT has some inherent advantages for
AS-OCT due to its speed and image coverage for large areas at a wavelength which provides
more detailed information about ocular anatomy.

Here, we describe a new swept source AS-OCT (ANTERION; Heidelberg Engineering
GmbH, Heidelberg, Germany) which provides the theoretical benefits of fast image acquisition
speed and adequate depth of imaging. This allows for the visualization of the ciliary muscle
and entire lens thickness. Further, this device also has image tracking to allow for image aver-
aging. Overall, images of the entire anterior segment (cornea, anterior chamber angle, iris, lens
[portions not directly blocked by the iris], and ciliary muscle) that includes two sides of the eye
can be simultaneously acquired in a single B-scan. Therefore, we assessed the repeatability and
reproducibility of this device. We tested the impact of image averaging. The ciliary muscle was
selected as it has been more difficult to image by OCT technology. Furthermore, multiple ante-
rior segment parameters were evaluated from single images using this device and used to assess
anterior-segment anatomical relationships across age- and refractive-groups.

Methods
Study design

This prospective observational study included 63 healthy and phakic volunteers (27 females and
36 males) between 26-74 years of age (median [quartiles]; 41 [32-57]) between June 2019 and
November 2019. All participants were recruited from normal/healthy volunteers at the Doheny
Eye Centers, University of California, Los Angeles (UCLA). This study followed the tenets of the
Declaration of Helsinki and was approved by the University of California, Los Angeles Institu-
tional Review Board (#19-000621). Prior to imaging, all participants signed informed consent.

Inclusion criteria comprised of: a complete visual examination within the last three months
of being enrolled, having no known pathology, and having best-corrected distance Snellen
visual acuity of least 20/25 in both eyes. Exclusion criteria included individuals who had ocular
trauma or surgery, those who were <20 years of age, or pregnancy. Only the right eye per par-
ticipant was included because of the similarity between both eyes in a healthy population [18].
All subjects underwent a complete ophthalmic examination which included visual acuity,
refraction, slit-lamp biomicroscopy, and an undilated fundus examination. Objective refrac-
tion was obtained, starting with a KR-1W Wave-Front Analyzer (Topcon Group, Tokyo,
Japan), and subjective refraction was subsequently determined using a digital optotype chart
monitor (Cal Coast 20/20 Acuity System, Torrance, CA, USA). Contact lens users were
instructed to refrain from wearing lenses one day prior and during anterior segment imaging
to minimize optical surface aberrations.

Anterior segment OCT imaging protocol

All images were obtained using a new anterior segment OCT (ANTERION, Heidelberg Engi-
neering GmbH, Heidelberg, Germany; software version 1.2) using the Metrics Application. An
internal systems test was performed each day when starting the device, according to manufac-
turer instruction. All images were obtained by a single trained ophthalmologist (XX) following
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a standardized imaging protocol using the Metrics Application. Dim ambient lighting condi-
tions were strictly maintained during the whole image acquisition procedure because anterior
segment structures can change as a result of alterations to ambient illumination [19, 20]. The
ambient illumination was measured as 0.02 lux (Dr. Meter Digital Illuminance Meter, model-
LX1330B, California, United States) at the imaging plane. Subjects were positioned in front of
the instrument with their head placed in a combined head and chin rest. During image acqui-
sition, subjects were instructed to fixate on an internal fixation target in primary gaze while the
other eye was covered by an occluder equipped on the device. To image the eye under a relaxed
state without accommodation, the refractive correction (spherical equivalent) was inserted
into the device using an internal lens system that ranged from -15D to +15D in + 0.5 D incre-
ments. During the image acquisition, subjects were asked to refrain from blinking and to fixate
on the instrument’s internal fixation target. The participants were asked to blink before pro-
ceeding to the next examination step. Immediately after image acquisition was completed,
examination quality was assessed. This was done automatically by in-built software which
grades the image based on the following endpoints: possible blinking, motion, fixation, tear
film irregularity, refraction correction, tracking, and camera imaging segmentation. If a result
of “pass” was not obtained for any of the above patterns, the acquisition was repeated. The
acquisition parameters for the swept source AS-OCT device were wavelength: 1300pm; A-scan
rate: 50,000Hz; resolution in tissue: <10 microns axially x 30 microns laterally; scan pattern:
radial scan; number of A-scans per B-scan: 768; scan length: 16.5 mm and scan depth: 14.5
+0.5 mm. The images were tracked using the cornea light reflex, centered on the corneal ver-
tex, to allow for image averaging (6 B-scans averaged).

To determine the repeatability of the anterior OCT imaging, 40 of 63 eyes were imaged
twice on separate occasions, 5 minutes apart. The volunteers were asked to sit back and then
reposition their chin and forehead between acquisition sessions. The device was shut down
and restarted before the second acquisition.

Anterior eye segment image post-processing and data analysis

AS-OCT images obtained along the horizontal meridian across the corneal vertex were
selected for analyses. Measurements of pupil diameter, central corneal thickness (CCT), lens
thickness, and aqueous depth were provided automatically by the device (Fig 1).

A semi-automated approach was necessary for angle measurements, lens vault, anterior
chamber angle distance, and spur-to-spur distance (Fig 1). Investigators (XX and GC) had to
first identify and place markers on the anterior chamber angle recess points and scleral spurs
on both the temporal and nasal sides of the image. Subsequently, the software provided these
measurements.

For the ciliary muscle, all measurements were fully manual. The first step was to manually
segment the scleral-ciliary muscle tissue boundaries by extending the posterior cornea seg-
mentation line using segmentation tools within the ANTERION. This line was deleted from
the image to prevent bias during actual ciliary muscle thickness measurements. The swept-
source AS-OCT device applies Snell’s Law using the relative indices of refraction for the ante-
rior and posterior corneal surfaces and at the iris and lens surfaces at 1300 pm to correct the
OCT image. Additionally, the changing speed of light within tissue is accounted for by appro-
priate scaling of sections of the A-scan according to the refractive index. Thus, by manually
extending the segmentation line into the scleral-ciliary muscle border, the calipers were acti-
vated, and the software used the index of refraction relative to the anterior and posterior cor-
nea surface to correct the OCT image in the correspondent areas. The scleral spur and angle
recess were manually identified. Then, using previously published endpoints [21-30], the
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=

1000 pm

Fig 1. Anterior segment OCT endpoints. (A) The overall anterior ocular biometry with SS, scleral spur; AR, angle recess; CCT, central cornea thickness; AD,
aqueous depth; PD, pupil diameter; LV, lens vault (the perpendicular distance between the anterior pole of the crystalline lens and the horizontal line joining
the two scleral spurs); and LT, lens thickness. The undulating face of the anterior vitreous face is seen posterior to the lens (arrow). (B) Anterior angle
parameters. AOD;5, (mm), the perpendicular distance from a point on the posterior corneal surface that is 750 um anterior to the scleral spur and anterior iris
surface; ACA750(°), the angle at the conjunction of the line connecting the angle recess point to the AODs5 iris endpoint and the line connecting the angle
recess point to the AODys, corneal endpoint; SSA750(°), the angle at the conjunction of the line connecting the scleral spur to the AOD;5 iris endpoint and the
line connecting the scleral spur to the AOD,s, corneal endpoint; TISA;s, (mm?), the trapezoidal area defined by the AOD,s, the inner corneo-scleral wall, and
the perpendicular distance between scleral spur and iris. (C) Ciliary muscle parameters. CMTMAX, ciliary muscle thickness at the point of maximum
thickness; SSMAX, distance between scleral spur and the thickest point of the ciliary muscle. Scale bars: 1000 pm.

https://doi.org/10.1371/journal.pone.0240110.9001

maximum ciliary muscle thickness (CMTMAX) defined as the distance of a line between the
maximum ciliary muscle apex to the scleral-ciliary muscle border that is perpendicular to this
border and the distance of a line between the scleral spur to the maximum ciliary muscle apex
(SSMAX) were manually measured (Fig 1).
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Repeatability assessment was conducted using a clinically competent masked grader (XX)
who manually identified the angle recesses, scleral spurs, and made all ciliary muscle measure-
ments in images acquired for repeatability purposes (n = 40; see above). For reproducibility,
the same steps were performed twice using randomly assigned images (n = 40) either by the
same investigator (XX; intra-observer) or by two investigators (XX and GC; inter-observer)
who were also masked to the conditions.

Assessment of averaging

The ANTERION has live acquisition eye tracking that uses the corneal LED reflexes, to center
the B-scans on the corneal vertex. To study the effect of image averaging on ciliary muscle
imaging and measurements, the Imaging Application was used since it allowed for adjusting
scan pattern parameters, including the amount of averaging. This is different from the Metrics
Application, which was used above. Because there is no automatic segmentation on the Imag-
ing Application, there is no refraction correction, and measurements in microns is not possi-
ble. Instead, measurements were made in pixels. Nine subjects underwent imaging twice
(back-to-back) with identical settings using an “Averaging Setting of 1” (no averaging) fol-
lowed by a second scan with identical settings using an “Averaging Setting of 8” (averaging
from 8 images, the maximum setting). Of 9 subject, 8 subjects had both eyes images, and one
subject had one eye imaged (17 total eyes). Unlike biological studies where there may be inter-
dependence between eyes and where only one eye is investigated, both eyes and ciliary muscles
(nasal and temporal) were investigated as individual systems because the evaluation was solely
in regard to the impact of the device averaging as opposed to studying a biological process.
This resulted in a sample size of 34 pairs of images (17 X 2 sides of the eye) for “Averaging Set-
ting of 1” and 34 pairs of images for “Averaging Setting of 8.” For all images, the CMTMAX
and SSMAX were measured using in-built calipers by a grader masked to the condition.

Statistical analysis

Descriptive statistics, such as mean and standard deviation or median and quartiles, range for
continuous variables, and frequency and percentage for categorical variables, were calculated
for demographic, biometric, and accommodative measures. Statistical analyses were per-
formed using SPSS (SPSS for Windows, v. 26.0, IBM-SPSS, Chicago, IL). The normal distribu-
tion of continuous data was examined using the Shapiro-Wilk’s W test. Parameters with a
normal distribution were presented as mean + standard deviation. Parameters that did not fol-
low a normal distribution were presented as median and quartiles. A paired two sample t-test
was used to compare the mean difference for each biometric parameter between nasal and
temporal measures within the same eye, such as ciliary muscle measurements (CMTMAX and
SSMAX) and anterior chamber angle parameters (AOD;sq, TISA750, SSA750, and ACA7s).
Univariate and multivariable linear regression analyses were performed (independent vari-
ables: age and refractive status; dependent variables: the various anterior segment parameters).
For parameters with both nasal and temporal measures, both sides were analyzed separately
during the above linear regression analyses.

The MedCalc program (v. 11.5.1.0 for Windows; available at: www.medcalc.be; accessed
April 20, 2011) was used to assess test-retest repeatability and intra- and inter-observer reliabil-
ity of the anterior segment biometric parameters measurements. Intraclass correlation coeffi-
cient (ICC) was calculated to determine the degree of test-retest reliability, and the degree of
inter- and intra-observer reproducibility. Bland-Altman analysis was calculated to determine
the test-retest variabilities and inter- and intra-observer variabilities. It was also used to assess
the impact of averaging on ciliary muscle measurements [31]. To yield a statistical measure,
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Table 1. Demographic, ophthalmologic characteristics of the study population (mean * standard deviation).

Study Population

No. of participants 63
No. of eyes 63
Age median quartiles (Year) 41, 32~57

Range 23-74
Gender (Male/Female) 36/27
Spherical equivalent refraction (Diopter) -1.73 £2.0

Range -8.25~+3.5

https://doi.org/10.1371/journal.pone.0240110.t001

another approach was taken where the difference (or error) between the pairs of images were
calculated for Averaging 1 and Averaging 8 and compared via a Wilcoxon ranked-sum test.

Results

Overall anterior segment OCT performance

Sixty-three right eyes were imaged from 63 subjects, and the demographics are displayed in
Table 1. The averaged refraction spherical equivalent was -1.73 + 2.0 diopters (D) (range: -8.25
to +3.50D). Horizontal images were obtained where the entire anterior chamber could be seen
including the cornea, angle, iris, ciliary muscle, and phakic lens from anterior to posterior cap-
sule (Fig 1A to 1C). Even the undulating anterior hyaloid face could be seen posterior to the
lens (Fig 1A; arrow).

Looking at the repeatability, excellent intraclass correlations (ICC) were noted (0.90-1.00)
for all assessments (Table 2). Looking at the ICC 95% limits of agreement, higher repeatability
was generally seen comparing automatic compared to semi-automatic to manual endpoints.

The intraclass correlation coefficient (ICC) was calculated to determine the degree of test-
retest reliability. ICC values less than 0.5 are indicative of poor reliability, values between 0.5

Table 2. Test-retest repeatability analyses.

Test Inter-test
Difference (95% LoA) ICC (95% CI)

Biometric Parameters of Ciliary Muscle by Manual Method
CMTMAX (um) -10.0 (-154.8-134.8) 0.92(0.88-0.97)
SSMAX (um) 12.1 (-143.7-171.75) 0.90(0.75-0.95)
Biometric Parameters by Semi-Automatic Method
Spur-to-Spur Distance (mm) 0.08 (-0.64-0.79) 0.94 (0.91-0.96)
ACA Distance (Mm) -0.02(-0.13-0.13) 0.98 (0.98-0.99)
Lens Vault (Mm) 0.00(-0.06-0.07) 0.99 (0.99-1.00)
ACA 75°) -0.05 (-8.80-7.90) 0.94 (0.91-0.96)
SSA 750°) -0.02 (-4.08-4.05) 0.94 (0.91-0.96)
AQOD ;50(mm) -0.03 (-0.24-0.20) 0.92 (0.87-0.93)
TISA 550 (mm?) -0.01 (-0.10-0.10) 0.92 (0.88-0.95)
Biometric Parameters by Automatic Method
CCT (um) -0.1 (-2.70-2.50) 1.00 (1.00-1.00)
Lens Thickness (mm) 0.00 (-0.02-0.03) 1.00 (1.00-1.00)
Aqueous Depth (mm) -0.00(-0.03-0.03) 1.00 (1.00-1.00)

LoA: limits of agreement. CI: confidence intervals.

https://doi.org/10.1371/journal.pone.0240110.t002
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Table 3. Inter-observer and intra-observer reproducibility analyses.

Measurement Inter-observer

Difference (95% LoA) ICC (95% CI)
CMTMAX (um) 10.51 (-74.7-96.0) 0.95 (0.89-0.97)
SSMAX (um) 1.34 (-134.5-137.2) 0.88 (0.77-0.94)

ACA distance (mm)

Spur-to-spur distance (mm)

-0.01 (-0.1-0.08)
0.00 (-0.13-0.13)

1.00 (0.99-1.00)
0.99 (0.98-0.99)

ACA ,5°) 0.05 (-5.5-5.6) 0.96 (0.92-0.98)
SSA 750°) -0.03 (-6.7-6.1) 0.93 (0.87-0.95)
AOD 5, (mm) -0.01 (-0.13-0.11) 0.94 (0.90-0.99)

TISA ;50 (mm?)

Lens vault (mm)

-0.01 (-0.04-0.04)
0.01 (-0.03-0.04)

0.99 (0.97-1.00)

(
(
(
(
(
0.99 (0.99-1.00)

-1.22 (-89.5-87.2)

-5.85 (-106.8-94.9)

0.01 (-0.07-0.10)
0.02 (-0.11-0.14)
-0.3 (-6.6-6.0)

-0.5 (-4.5-3.6)

-0.01 (-0.09-0.07)
-0.01 (-0.04-0.03)
0.00 (-0.04-0.04)

Intra-observer

Difference (95% LoA) ICC (95% CI)

0.96 (0.92-0.98)
0.93 (0.87-0.96)
1.00 (0.99-1.00)
0.99 (0.98-0.99)
0.95 (0.91-0.97)
0.96 (0.94-0.99)
0.96 (0.95-0.98)
0.98 (0.96-1.09)
0.99 (0.98-1.00)

CMTMAX: Ciliary muscle thickness at the point of maximum thickness
SSMAX: The distance between scleral spur and the thickest point of the ciliary muscle

LoA: limits of agreement. CI: confidence intervals.

https://doi.org/10.1371/journal.pone.0240110.t003

and 0.75 indicate moderate reliability, values between 0.75 and 0.9 indicate good reliability,
and values greater than 0.90 indicate excellent reliability. The test-retest variabilities were
determined by Bland-Altman analysis. The test-retest reproducibility was analyzed based
upon 40 eyes.

Inter- and intra-observer reproducibilities were determined for the endpoints where some
manual step was required for the measurement (Table 3). The 95% limits of agreement of the
mean differences suggested that the intra-observer agreement was superior to the inter-observer
agreement. Otherwise, high intra-observer reproducibility with ICC values between 0.93-1.00
and high inter-observer reproducibility with ICC values of 0.88-1.00 were found (Table 3).

The intraclass correlation coefficient (ICC) was calculated to determine the degree of inter-
and intro- observer reliabilities. ICC values less than 0.5 are indicative of poor reliability, val-
ues between 0.5 and 0.75 indicate moderate reliability, values between 0.75 and 0.9 indicate
good reliability, and values greater than 0.90 indicate excellent reliability. The inter- and intro-
observer variabilities were determined by Bland-Altman analysis. The inter-observer and
intra-observer reliability were analyzed based upon 40 eyes.

Impact of image averaging

A separate analysis was performed to assess the impact of image averaging on the ciliary mus-
cle measurements. This was focused on the ciliary muscle given its deep position which makes
OCT imaging difficult. The difference in CMTMAX and SSMAX measurements were deter-
mined from two images taken with an Averaging Setting of 1 and then at 8. Greater averaging
resulted in a smaller difference that was statistically significant (CMTMAX; [Avgl: 9.317.4 pix-
els; Avg8: 5.9+4.0 pixels; Wilcoxon rank sum test p = 0.02]) (SSMAX; [Avgl: 10.8+7.2 pixels;
Avg8: 6.215.1 pixels; Wilcoxon rank sum test p = 0.008]). Bland-Altman analyses were also
performed for CMTMAX and SSMAX showing a tighter 95% limits of agreement comparing
Averaging 8 compared to Averaging 1 and center bias lines closer to zero for higher averaging

(Fig 2).

Relationship of anterior segment parameters to age and refractive status

Subjects were recruited based on a distribution of ages. Given the attention to age, it was noted
that younger volunteers were more likely to be myopic compared to older volunteers.
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Fig 2. Impact of image averaging on ciliary muscle metrics. (A) Bland-Altman plots for CMTMAX comparing the
differences between two images taken with (green; Averaging setting of 8) and without (blue; Averaging setting of 1)
averaging. Without averaging (3.38 [-19.6, 26.3] pixels; bias line [95 LOA]) and with averaging (0.12 [-14.1, 14.3]). (B)
Bland-Altman plots for SSMAX comparing the differences between two images taken with (green; Averaging setting of
8) and without (blue; Averaging setting of 1) averaging. Without averaging (5.35 [-18.1, 28.8] pixels; bias line [95
LOA]) and with averaging (-0.6 [-17.3, 16.1]). Note that during higher averaging, bias lines are closer to zero with
narrower 95% limits of agreement areas for both CMTMAX and SSMAX. Solid lines = bias line. Dotted lines = positive
and negative bounds for 95% limits of agreement (LOA).

https://doi.org/10.1371/journal.pone.0240110.9002

Statistically, there was significant covariation between age and refractive status (R* = 0.18,

p =0.001). Thus, univariate linear regressions were first conducted to evaluate the relationship
between different anterior segment biometric parameters (such as ciliary muscle metrics,
aqueous depth, ACA parameters, lens thickness and vault, and pupil size) to age and refractive
status. Then, a multivariable linear regression analysis was carried out to further clarify the
effects of age and refractive status on each of the above biometric parameters. Discrepancies
between the results of univariate and multivariable analyses were likely due to the effect of vari-
able co-variation in the univariate analyses.

Ciliary muscle measurements

The mean values of CMTMAX and SSMAX on the nasal side were significantly greater than
those on the temporal side (Table 4; p<0.001 and p = 0.006, respectively). In terms of
CMTMAX, univariate analysis showed positive linear relationships between both nasal and
temporal values to age (Fig 3A; nasal R® = 0.13, p<0.001; temporal R* = 0.12, p<0.001). For
univariate analysis against refractive status, there was no statistically significant relationship
(Fig 3B; nasal R” = 0.05, p<0.125; temporal R” = 0.06, p<0.07). Multivariable analyses linear
regression analyses confirmed these results (Table 5; age p<<0.001-0.004 and refractive status
p =0.22-0.84). The above results suggested that the nasal and temporal CMTMAX sized
increased with increasing age.

In terms of SSMAX, in univariate analysis, both nasal and temporal values showed negative
linear relationships with age (Fig 3C; nasal R* = 0.24, p<0.001; temporal R* = 0.33, p<0.001)
and more hyperopic refractive status (Fig 3D; nasal R* = 0.17, p = 0.001; temporal R* = 0.18,
p =0.001). In multivariable linear regression analysis, both nasal and temporal SSMAX still
showed independent negative linear relationships with age (Table 5; p<0.001-0.01) and more
hyperopic refractive status (Table 5; p = 0.005-0.03). These results suggested that the ciliary
muscle apex was positioned more anteriorly in older and more hyperopic subjects.
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Table 4. Biometric parameters of ciliary muscle and anterior segment of adult human eyes.

Biometric Parameters

Ciliary Muscle Biometrics
CMTMAX (pm)
SSMAX (pm)

CCT (um)

Anterior Chamber
Aqueous Depth (mm)
ACA Distance (mm)
Spur-to-spur Distance (mm)

Anterior Chamber Angle
ACA 750 (*)

SSA 750 ()
AOD 5, (mm)
TISA 750 (mm?)

Lens
Lens Thickness (mm)
Lens Vault (mm)

Pupil Diameter (mm)

Mean Values (Mean + Standard Deviation) p-Value
Nasal Temporal
765.10 £ 116.26 715.17 £ 101.44 <0.001
1056.48 + 173.94 1008.35 + 194.04 0.006

547.56 + 34.42

2.97 +0.37

12.13 £ 0.37

12.13 £ 0.36

Nasal Temporal

38.12 + 13.67 37.01 £12.27 0.24
40.38 + 14.72 39.35+12.23 0.32
0.65 + 0.35 0.66 + 0.28 0.33
0.33 +£0.17 0.32 £ 0.15 0.10

4.27 £0.41

0.25+0.33

5.42 +1.09

CMTMAX: Ciliary muscle thickness at point of maximum thickness

SSMAX: Distance between scleral spur and the thickest point of the ciliary muscle

CCT: Central cornea thickness

ACA distance: The distance between two anterior chamber angles

ACA 750: Anterior chamber angle measured at 750 pm from the scleral spur

SSA 750: Scleral spur angle measured at 750 pm from the scleral spur

AOD 750: Angle-opening distance measured at 750 um from the scleral spur

TISA ;50: Trabecular-iris space area measured at 750 um from the scleral spur

p value: statistical significance of the difference between temporal and nasal aspects at the same measurement location.

https://doi.org/10.1371/journal.pone.0240110.t004

Lens thickness and lens vault

For lens thickness, univariate analysis showed a positive linear relationship with age (S1A Fig;
R*=0.61, p<0.001), and a positive linear relationship with refractive status (S1B Fig; R* =
0.17, p = 0.001). Multivariable linear regression analysis showed that increased age was still
related to a thicker crystalline lens (Table 6; p<0.01), whereas the lens thickness was no longer
significantly associated with refractive status (Table 6; p = 0.24). These results suggested that
age had an impact upon lens thickness while refractive status did not.

As for lens vault, univariate analysis showed a positive linear relationship with age (S1C Fig;
R? = 0.35, p<0.001), and a positive linear relationship with refractive status (S1D Fig; R* =
0.31, p<0.001). Multivariable linear regression analysis confirmed that lens vault was indepen-
dently and significantly associated with both age (Table 6; p<0.01) and more hyperopic refrac-
tive status (Table 6; p<0.01).

Angle measurements

Eight anterior chamber angle biometric endpoints were analyzed: anterior chamber angle
(ACA750), scleral spur angle (SSA;s), angle-opening distance (AOD;5), and trabecular-iris
space area (TISA;s5) on the temporal and nasal sides (Fig 1). There were no statistically signifi-
cant differences comparing both sides (Table 4; p = 0.1-0.33).
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Table 5. Multivariable linear regression analysis of the relationship between age and spherical equivalent refractive error to ciliary muscle metrics.
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Fig 3. Univariate scatter plot comparison of ciliary muscle metrics versus age and spherical equivalent refractive
error. (A) CMTMAX versus age. Both nasal and temporal CMTMAX showed significant positive linear relationships
with age. (B) CMTMAX versus spherical equivalent refractive error. While qualitative trends of increased nasal and
temporal CMTMAXs with increased spherical equivalent were seen, no statistical significances were found. (C).
SSMAX versus age. Both nasal and temporal SSMAX show significant negative linear relationships with age. (D).
SSMAX versus spherical equivalent. Both nasal and temporal SSMAX showed significant negative linear relationships
with increasing hyperopic refractive error. CMTMAX: Ciliary muscle thickness at point of maximum thickness;
SSMAX: Distance between scleral spur and the thickest point of the ciliary muscle.

https://doi.org/10.1371/journal.pone.0240110.g003

Univariate analyses showed a negative linear relationship between all of these end-points
with increased age and more hyperopic refractive status (S2A to S2H Fig; R* = 0.17-0.32,
p<0.001-0.003). Multivariable linear regression analyses confirmed the results of univariate
analyses showing that there were independent and significant negative linear relationships
between all angle metrics on both nasal and temporal sides with increased age and more
hyperopic refractive status (Table 7; p<0.001-0.03).

Other significant relationships (aqueous depth and pupil diameter)

For aqueous depth, univariate analyses showed negative linear relationships with age (S3A Fig;
R? =0.27, p<0.001) and more hyperopic refractive status (S3B Fig; R* = 0.24, p<0.001). The

Dependent Variable R? p* Independent variable Non-standardized Beta (95% CI) Standardized Beta pt
CMTMAX Nasal 0.13 0.004 Age 2.78 (0.92~4.65) 0.36 0.004
Refractive Error / / 0.84
Temporal 0.11 <0.001 Age 2.47 (1.21~3.73) 0.33 <0.001
Refractive Error / / 0.22
SSMAX Nasal 0.26 <0.001 Age -4.32 (-7.31~-1.32) -0.36 0.01
Refractive Error -18.01 (-34.84~-1.19) -0.27 0.03
Temporal 0.31 <0.001 Age -5.23 (-7.41~-3.06) -0.41 <0.001
Refractive Error -17.89 (-30.11~-5.66) -0.25 0.005

p* for multivariable linear regression models, and pt for independent variable

https://doi.org/10.1371/journal.pone.0240110.t005
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Table 6. Multivariable linear regression analyses of the relationships between age and spherical equivalent refractive error to lens, aqueous depth, and pupil

diameter.

Dependent variable

Lens Thickness

Lens Vault

Aqueous Depth

Pupil Diameter

p* for multivariable linear regression models, and pt for independent variable

R?
0.61

0.47

0.36

0.21

P
<0.01

<0.01

<0.01

<0.01

https://doi.org/10.1371/journal.pone.0240110.t006

Independent variable

Age
Refractive Error
Age
Refractive Error
Age
Refractive Error
Age

Refractive Error

Non-standardized Beta (95% CI)

0.02 (0.02~0.03)

/

0.01 (0.01~0.02)
0.05 (0.02~-0.08)
-0.01 (-0.02~-0.00)
-0.05 (-0.08~-0.01)
-0.35 (-0.53~-0.18)
/

Standardized Beta

0.73
/
0.43
0.39
-0.38
-0.33
-0.46
/

pi
<0.01
0.24
<0.01
<0.01
0.01
0.01
<0.01
0.83

result of multivariable linear regression analyses was consistent with the result of univariate

analyses showing significant and independent relationships between decreased aqueous depth
and increased age (Table 6; p = 0.01) and more hyperopic refractive status (Table 6; p = 0.01).
For pupil diameter, univariate analysis showed negative linear relationships between pupil
diameter and age (S4A Fig; R* = 0.21, p<0.001), while there was no relationship with refractive
error (S4B Fig; R* = 0.001, p = 0.81). Multivariable linear regression analyses confirmed the
above results showing a positive linear relationship with age (Table 6; p<0.01) but not refrac-
tive status (Table 6; p = 0.83).

Non-significant relationships (central corneal thickness [CCT], spur-to-
spur distance, and anterior chamber angle [ACA] distance)

Not every measured endpoint demonstrated a statistically significant relationship to age or
refractive status in univariate analyses. Mean CCT did not correlate with age (R* = 0.09,

Table 7. Multivariable linear regression analysis of the relationship between age and spherical equivalent refractive error to anterior chamber angle dimensions.

Dependent Variable R’ F P’ Independent variable | Non-standardized Beta (95% CI) Standardized Beta t pt
ACA7s5 Temporal 0.44 22.54 <0.01 Age -0.43 (-0.66~-0.20) -0.40 -3.69 <0.01
Refractive Error -2.39 (-3.70~-1.08) -0.40 -3.66 0.01
Nasal 0.40 18.91 <0.01 Age -0.25 (-0.47~-0.04) -0.27 -2.28 0.03
Refractive Error -2.65 (-3.88~-1.41) -0.48 -4.29 0.01
SSA;s50 Temporal 0.42 21.00 <0.01 Age -0.44 (-0.68~-0.20) -0.40 -3.68 0.01
Refractive Error -2.30 (-3.65~-0.95) -0.37 -3.41 0.01
Nasal 0.35 15.07 <0.01 Age -0.25 (-0.47~-0.04) -0.27 -2.28 0.03
Refractive Error -2.26 (-3.49~-1.03) -0.43 -3.67 0.01
AODy5, Temporal 0.32 13.76 <0.01 Age -0.01 (-0.02~-0.00) -0.38 -3.23 0.02
Refractive Error -0.06 (-0.10~-0.02) -0.30 -2.50 <0.01
Nasal 0.39 18.30 <0.001 Age -0.01 (-0.01~-0.00) -0.25 -2.27 0.03
Refractive Error -0.06 (-0.08~-0.03) -0.48 -4.32 0.01
TISA750 Temporal 0.32 11.45 <0.01 Age -0.01 (-0.01~-0.00) -0.39 -3.33 <0.01
Refractive Error -0.02 (-0.03~-0.00) -0.29 -2.36 <0.01
Nasal 0.32 12.64 <0.01 Age -0.00 (-0.00~0.00) -0.32 -3.74 <0.001
Refractive Error -0.02 (-0.04~-0.01) -0.37 -4.44 <0.001
p* for multivariable linear regression models, and pt for independent variable
https://doi.org/10.1371/journal.pone.0240110.t007
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p = 0.40) or refractive status (R*=0.03, p =0.81). Mean ACA distance did not correlate with
age (R* = 0.06, p = 0.14) or refractive status (R* = 0.04, p = 0.45). Mean spur-to-spur distance
did not correlate with age (R* = 0.03, p = 0.40) or refractive status (R* = 0.03, p = 0.46).

Discussion

High quality anterior segment images were obtained using a new swept-source AS-OCT.
From single images, the entire anterior segment could be visualized from the cornea to the
posterior lens and ciliary body on both nasal and temporal quadrants. Thus, many anterior
segment parameters could be studied simultaneously. Measurements obtained from these
images were a combination of automated, semi-automated, and manual. In all cases, consistent
repeatability was determined for all measurements. For metrics that required manual steps,
good reproducibilities between graders were observed as well. Image averaging improved the
ability to measure ciliary muscle parameters. Thus, swept-source AS-OCT with tracking is a
robust approach that can simultaneously assess anterior segment structural changes across
many parameters which may be useful for better studying normal physiology and disease.

Demonstrating repeatable and reproducible imaging with this new diagnostic device is a
key outcome. Furthermore, most of the individual findings support previous results in the lit-
erature. This includes the ciliary muscle getting larger with age [21, 27] in addition to other
associations between the lens, anterior chamber angle, and pupil to age or refractive status [26,
29, 32-37]. Ultimately, obtaining repeatable and reproducible measurements using a new
swept-source AS-OCT that also accounts for known anatomical alterations gives future users
confidence in using this device to study biology as well as potentially diagnosing and treating
disease.

Image tracking with averaging is a unique aspect of this swept-source AS-OCT as well. For
sweptsource OCT, other anterior segment OCT's have been developed [11-17], but they lacked
image tracking and averaging and could not visualize the entire lens thickness (from anterior
to posterior pole). The importance of averaging is the main reason why posterior segment
OCT is so widely used and clinically applicable [6-8]. In this report, less error was seen in cili-
ary muscle measurements when images were taken with high averaging. Thus, for the anterior
segment, averaging is important to visualize difficult to image structures, like the ciliary mus-
cle. Combining longer wavelength swept-source imaging with image tracking and averaging
allows for excellent simultaneous imaging of deep structures such as the ciliary muscle and
entire lens thickness.

Overall, improved imaging accuracy and capability is important to better understand ante-
rior segment physiology and disease. For example, better deep imaging of the lens can provide
information about the posterior capsule to help distinguish posterior polar cataracts from pos-
terior subcapsular cataracts [38]. Seeing the absence or presence of an intact posterior capsule
prior to surgery significantly impacts surgical planning. Also, visualizing the entire lens and
ciliary muscle in one image is important to understand accommodation. Presbyopia is the age-
related loss of accommodation [39]. Prior accommodation research utilized different modali-
ties (OCT [16, 21, 22, 24, 25, 30, 32, 40], ultrasound biomicroscopy [41], or MRI [42, 43]) or
variations of the same modality (combining different types of custom-built OCTs [23, 44] to
image different parts of the eye). Together, this precludes simultaneous assessment of all ante-
rior segment anatomical alterations during accommodation before and after presbyopia, con-
tributing to the challenge of understanding presbyopia pathophysiology. Lastly, imaging deep
in the eye may have potential utility in glaucoma. Note that even the anterior hyaloid face can
be seen using this swept-source AS-OCT (Fig 1A). Malignant glaucoma is a narrow angle glau-
coma that also has competing pathophysiological hypotheses [45]. The anterior hyaloid face is
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generally thought to be important, and vitrectomy should relieve and prevent malignant glau-
coma. However, malignant glaucoma can recur after vitrectomy, and it has been proposed [46]
that this is due to the failure to disrupt the anterior hyaloid face during surgery. Now, with
improved deep imaging, the success of anterior hyaloid removal can also be assessed.

Several limitations must also be discussed for this work. First, the distribution of subjects
was relatively normally distributed across ages. However, it was not simultaneously normally
distributed across age and refractive status. To achieve this, a much large sample size is needed.
Also, the advantages of image tracking were not fully realized. Again, tracking allows for two
benefits. First, tracking allows for image averaging to improve signal-to-noise ratio [7, 8]. This
was demonstrated here for a deep anatomical structure such as the ciliary muscle. However,
tracking also permits following OCT B-scans longitudinally over time in the location of the
same subject. This allows for better studying the natural history of disease [6] and monitoring
the impact of disease treatment. Given that the tracking for this swept-source AS-OCT relies
upon arranging the B-scans based upon the corneal light reflex pattern, it is difficult to position
a subject across different days in the exact same position to reproducibly obtain the exact same
light reflex pattern. Thus, tracking for the purpose of setting a reference image for longitudinal
imaging in the same location over time is currently difficult and still needs to be studied for
this device. Alternative future options include tracking based on OCT landmarks, such as the
scleral spur, using machine-based learning identification [46].

In conclusion, we describe a new swept-source AS-OCT device with eye tracking and
image averaging. We demonstrate the ability to assess superficial and deep anterior segment
structures, including the ciliary body and the entire lens thickness, simultaneously from single
images in a repeatable and reproducible fashion. These advances can improve the clinical util-
ity of AS-OCT, and additional research is needed to determine the clinical significance of
these measurements.

Supporting information

S1 Checklist.
(DOCX)

S1 Fig. Univariate scatter plot comparison of lens metrics versus age and spherical equiva-
lent refractive error. (A) Lens thickness versus age. (B) Lens thickness versus spherical equiv-
alent refractive error. (C) Lens vault versus age. (D) Lens vault versus spherical equivalent
refractive error.

(TIFF)

S2 Fig. Univariate scatter plot comparison of anterior chamber angle metrics versus age
and spherical equivalent refractive error. (A) Nasal and temporal ACA 5, versus age. (B)
Nasal and temporal ACA s, versus spherical equivalent refractive error. (C) Nasal and tempo-
ral SSA;sq versus age. (D) Nasal and temporal SSA;s, versus spherical equivalent refractive
error. (E) Nasal and temporal AOD;s, versus age. (F) Nasal and temporal AOD;5, versus
spherical equivalent refractive error. (G) Nasal and temporal TISA;5, versus age. (H) Nasal
and temporal TISA,5, versus spherical equivalent refractive error.

(TIFF)

S3 Fig. Univariate scatter plot comparison of aqueous depth versus age and spherical
equivalent refractive error. (A) Aqueous depth versus age. (B) Aqueous Depth versus spheri-
cal equivalent refractive error.

(TIFF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0240110  October 23, 2020 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240110.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240110.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240110.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240110.s004
https://doi.org/10.1371/journal.pone.0240110

PLOS ONE

A novel anterior segment swept-source optical coherence tomographer

S4 Fig. Univariate scatter plot comparison of pupil diameter versus age and spherical
equivalent refractive error. (A) Pupil diameter versus age. (B) Pupil diameter versus spherical
equivalent refractive error.

(TIFF)

S1 Data.
(XLSX)

Author Contributions

Conceptualization: Xiaobin Xie, Giulia Corradetti, Fei Yu, Vikas Chopra, Srinivas R. Sadda,
Benjamin Xu, Alex S. Huang.

Data curation: Xiaobin Xie, Giulia Corradetti, Abe Song, Anmol Pardeshi, Jong Yeon Lee,
Vikas Chopra, Benjamin Xu, Alex S. Huang.

Formal analysis: Xiaobin Xie, Giulia Corradetti, Fei Yu, Benjamin Xu, Alex S. Huang.
Funding acquisition: Srinivas R. Sadda, Benjamin Xu, Alex S. Huang.

Investigation: Xiaobin Xie, Giulia Corradetti, Abe Song, Anmol Pardeshi, Jong Yeon Lee, Fei
Yu, Lixia Zhang, Shuang Chen, Vikas Chopra, Benjamin Xu, Alex S. Huang.

Methodology: Xiaobin Xie, Giulia Corradetti, William Sultan, Fei Yu, Shuang Chen, Srinivas
R. Sadda, Benjamin Xu, Alex S. Huang.

Project administration: Xiaobin Xie, Vikas Chopra, Srinivas R. Sadda, Alex S. Huang.
Resources: Xiaobin Xie, Lixia Zhang, Alex S. Huang.

Software: Xiaobin Xie, William Sultan, Lixia Zhang, Shuang Chen, Benjamin Xu, Alex S.
Huang.

Supervision: Xiaobin Xie, Srinivas R. Sadda, Benjamin Xu, Alex S. Huang.
Validation: Xiaobin Xie, Giulia Corradetti, Abe Song, Anmol Pardeshi, Alex S. Huang.
Visualization: Xiaobin Xie, Alex S. Huang.

Writing - original draft: Xiaobin Xie, Giulia Corradetti, William Sultan, Jong Yeon Lee, Fei
Yu, Vikas Chopra, Srinivas R. Sadda, Benjamin Xu, Alex S. Huang.

Writing - review & editing: Xiaobin Xie, Giulia Corradetti, William Sultan, Jong Yeon Lee,
Fei Yu, Vikas Chopra, Srinivas R. Sadda, Benjamin Xu, Alex S. Huang.

References

1. HuangD, Swanson EA, Lin CP, Schuman JS, Stinson WG, Chang W, et al. Optical coherence tomogra-
phy. Science. 1991; 254(5035):1178-81. Epub 1991/11/22. https://doi.org/10.1126/science. 1957169
PMID: 1957169; PubMed Central PMCID: PMC4638169.

2. Csaky K, Ferris F, Chew EY, Nair P, Cheetham JK, Duncan JL. Report From the NEI/FDA Endpoints
Workshop on Age-Related Macular Degeneration and Inherited Retinal Diseases. Invest Ophthalmol
Vis Sci. 2017; 58(9):3456—63. https://doi.org/10.1167/iovs.17-22339 PMID: 28702674; PubMed Central
PMCID: PMC5961066.

3. Huang AS, Belghith A, Dastiridou A, Chopra V, Zangwill LM, Weinreb RN. Automated circumferential
construction of first-order aqueous humor outflow pathways using spectral-domain optical coherence
tomography. J Biomed Opt. 2017; 22(6):66010. Epub 2017/06/16. https://doi.org/10.1117/1.JBO.22.6.
066010 PMID: 28617922; PubMed Central PMCID: PMC5472236.

4. AngM, Baskaran M, Werkmeister RM, Chua J, Schmidl D, Aranha Dos Santos V, et al. Anterior seg-
ment optical coherence tomography. Prog Retin Eye Res. 2018; 66:132-56. Epub 2018/04/11. https:/
doi.org/10.1016/j.preteyeres.2018.04.002 PMID: 29635068.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240110  October 23, 2020 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240110.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240110.s006
https://doi.org/10.1126/science.1957169
http://www.ncbi.nlm.nih.gov/pubmed/1957169
https://doi.org/10.1167/iovs.17-22339
http://www.ncbi.nlm.nih.gov/pubmed/28702674
https://doi.org/10.1117/1.JBO.22.6.066010
https://doi.org/10.1117/1.JBO.22.6.066010
http://www.ncbi.nlm.nih.gov/pubmed/28617922
https://doi.org/10.1016/j.preteyeres.2018.04.002
https://doi.org/10.1016/j.preteyeres.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29635068
https://doi.org/10.1371/journal.pone.0240110

PLOS ONE

A novel anterior segment swept-source optical coherence tomographer

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

Adhi M, Duker JS. Optical coherence tomography—current and future applications. Curr Opin Ophthal-
mol. 2013; 24(3):213-21. https://doi.org/10.1097/ICU.0b013e32835f8bf8 PMID: 23429598; PubMed
Central PMCID: PMC3758124.

Huang AS, Kim LA, Fawzi AA. Clinical characteristics of a large choroideremia pedigree carrying a
novel CHM mutation. Arch Ophthalmol. 2012; 130(9):1184—9. Epub 2012/09/12. https://doi.org/10.
1001/archophthalmol.2012.1117 PMID: 22965595; PubMed Central PMCID: PMC3984921.

Sakamoto A, Hangai M, Yoshimura N. Spectral-domain optical coherence tomography with multiple B-
scan averaging for enhanced imaging of retinal diseases. Ophthalmology. 2008; 115(6):1071-8.e7.
Epub 2007/12/03. https://doi.org/10.1016/j.ophtha.2007.09.001 PMID: 18061270.

Sander B, Larsen M, Thrane L, Hougaard JL, Jergensen TM. Enhanced optical coherence tomography
imaging by multiple scan averaging. Br J Ophthalmol. 2005; 89(2):207—-12. https://doi.org/10.1136/bjo.
2004.045989 PMID: 15665354; PubMed Central PMCID: PMC1772495.

Akil H, Huang AS, Francis BA, Sadda SR, Chopra V. Retinal vessel density from optical coherence
tomography angiography to differentiate early glaucoma, pre-perimetric glaucoma and normal eyes.
PLoS One. 2017; 12(2):e0170476. Epub 2017/02/02. https://doi.org/10.1371/journal.pone.0170476
PMID: 28152070; PubMed Central PMCID: PMC5289421.

Akil H, Chopra V, Al-Sheikh M, Ghasemi Falavarjani K, Huang AS, Sadda SR, et al. Swept-source OCT
angiography imaging of the macular capillary network in glaucoma. Br J Ophthalmol. 2017. Epub 2017/
08/09. https://doi.org/10.1136/bjophthalmol-2016-309816 PMID: 28794076.

Zong Y, Xu Q, Jiang C, Zhu H, Yu J, Sun X. Measurement of and Factors Associated with the Anterior
Chamber Volume in Healthy Chinese Adults. J Ophthalmol. 2017; 2017:6762047. Epub 2017/02/09.
https://doi.org/10.1155/2017/6762047 PMID: 28168046; PubMed Central PMCID: PMC5259661 publi-
cation of this paper.

Fernandez-Vigo JI, Shi H, Kudsieh B, Arriola-Villalobos P, De-Pablo Gomez-de-Liano L, Garcia-Feijoo
J, et al. Ciliary muscle dimensions by swept-source optical coherence tomography and correlation
study in a large population. Acta Ophthalmol. 2019. Epub 2019/11/28. https://doi.org/10.1111/a0s.
14304 PMID: 31773907.

Xu BY, Pardeshi AA, Burkemper B, Richter GM, Lin SC, McKean-Cowdin R, et al. Quantitative Evalua-
tion of Gonioscopic and EyeCam Assessments of Angle Dimensions Using Anterior Segment Optical
Coherence Tomography. Transl Vis Sci Technol. 2018; 7(6):33. Epub 2019/01/09. https://doi.org/10.
1167/tvst.7.6.33 PMID: 30619653; PubMed Central PMCID: PMC6314106.

Chansangpetch S, Nguyen A, Mora M, Badr M, He M, Porco TC, et al. Agreement of Anterior Segment
Parameters Obtained From Swept-Source Fourier-Domain and Time-Domain Anterior Segment Optical
Coherence Tomography. Invest Ophthalmol Vis Sci. 2018; 59(3):1554—61. Epub 2018/04/07. https://
doi.org/10.1167/iovs.17-23574 PMID: 29625479; PubMed Central PMCID: PMC5863688.

LiuS, YuM, Ye C, Lam DS, Leung CK. Anterior chamber angle imaging with swept-source optical
coherence tomography: an investigation on variability of angle measurement. Invest Ophthalmol Vis
Sci. 2011; 52(12):8598—-603. Epub 2011/09/29. https://doi.org/10.1167/iovs.11-7507 PMID: 21948547.

Mohamed Farouk M, Naito T, Shinomiya K, Mitamura Y. Observation of Ciliary Body Changes during
Accommodation Using Anterior OCT. J Med Invest. 2018; 65(1.2):60-3. https://doi.org/10.2152/jmi.65.
60 PMID: 29593195.

ShiJ, Zhao J, Zhao F, Naidu R, Zhou X. Ciliary muscle morphology and accommodative lag in hyper-
opic anisometropic children. Int Ophthalmol. 2020; 40(4):917—24. Epub 2020/01/08. https://doi.org/10.
1007/s10792-019-01264-9 PMID: 31916057.

McAlinden C, Khadka J, Pesudovs K. Statistical methods for conducting agreement (comparison of clin-
ical tests) and precision (repeatability or reproducibility) studies in optometry and ophthalmology. Oph-
thalmic Physiol Opt. 2011; 31(4):330-8. Epub 2011/05/28. https://doi.org/10.1111/j.1475-1313.2011.
00851.x PMID: 21615445.

Marion KM, Niemeyer M, Francis B, Sadda SR, Chopra V. Effects of light variation on Schwalbe’s line-
based anterior chamber angle metrics measured with cirrus spectral domain optical coherence tomog-
raphy. Clin Exp Ophthalmol. 2016; 44(6):455—-64. Epub 2016/01/13. hitps://doi.org/10.1111/ce0.12700
PMID: 26753527.

Mathur A, Gehrmann J, Atchison DA. Influences of luminance and accommodation stimuli on pupil size
and pupil center location. Invest Ophthalmol Vis Sci. 2014; 55(4):2166—72. Epub 2014/03/07. https://
doi.org/10.1167/iovs.13-13492 PMID: 24595386.

Sheppard AL, Davies LN. The effect of ageing on in vivo human ciliary muscle morphology and contrac-
tility. Invest Ophthalmol Vis Sci. 2011; 52(3):1809-16. https://doi.org/10.1167/iovs.10-6447 PMID:
21071738.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240110  October 23, 2020 16/18


https://doi.org/10.1097/ICU.0b013e32835f8bf8
http://www.ncbi.nlm.nih.gov/pubmed/23429598
https://doi.org/10.1001/archophthalmol.2012.1117
https://doi.org/10.1001/archophthalmol.2012.1117
http://www.ncbi.nlm.nih.gov/pubmed/22965595
https://doi.org/10.1016/j.ophtha.2007.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18061270
https://doi.org/10.1136/bjo.2004.045989
https://doi.org/10.1136/bjo.2004.045989
http://www.ncbi.nlm.nih.gov/pubmed/15665354
https://doi.org/10.1371/journal.pone.0170476
http://www.ncbi.nlm.nih.gov/pubmed/28152070
https://doi.org/10.1136/bjophthalmol-2016-309816
http://www.ncbi.nlm.nih.gov/pubmed/28794076
https://doi.org/10.1155/2017/6762047
http://www.ncbi.nlm.nih.gov/pubmed/28168046
https://doi.org/10.1111/aos.14304
https://doi.org/10.1111/aos.14304
http://www.ncbi.nlm.nih.gov/pubmed/31773907
https://doi.org/10.1167/tvst.7.6.33
https://doi.org/10.1167/tvst.7.6.33
http://www.ncbi.nlm.nih.gov/pubmed/30619653
https://doi.org/10.1167/iovs.17-23574
https://doi.org/10.1167/iovs.17-23574
http://www.ncbi.nlm.nih.gov/pubmed/29625479
https://doi.org/10.1167/iovs.11-7507
http://www.ncbi.nlm.nih.gov/pubmed/21948547
https://doi.org/10.2152/jmi.65.60
https://doi.org/10.2152/jmi.65.60
http://www.ncbi.nlm.nih.gov/pubmed/29593195
https://doi.org/10.1007/s10792-019-01264-9
https://doi.org/10.1007/s10792-019-01264-9
http://www.ncbi.nlm.nih.gov/pubmed/31916057
https://doi.org/10.1111/j.1475-1313.2011.00851.x
https://doi.org/10.1111/j.1475-1313.2011.00851.x
http://www.ncbi.nlm.nih.gov/pubmed/21615445
https://doi.org/10.1111/ceo.12700
http://www.ncbi.nlm.nih.gov/pubmed/26753527
https://doi.org/10.1167/iovs.13-13492
https://doi.org/10.1167/iovs.13-13492
http://www.ncbi.nlm.nih.gov/pubmed/24595386
https://doi.org/10.1167/iovs.10-6447
http://www.ncbi.nlm.nih.gov/pubmed/21071738
https://doi.org/10.1371/journal.pone.0240110

PLOS ONE

A novel anterior segment swept-source optical coherence tomographer

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Sheppard AL, Davies LN. In vivo analysis of ciliary muscle morphologic changes with accommodation
and axial ametropia. Invest Ophthalmol Vis Sci. 2010; 51(12):6882-9. https://doi.org/10.1167/iovs.10-
5787 PMID: 20671285.

Shao Y, Tao A, Jiang H, Mao X, Zhong J, Shen M, et al. Age-related changes in the anterior segment
biometry during accommodation. Invest Ophthalmol Vis Sci. 2015; 56(6):3522-30. https://doi.org/10.
1167/iovs.15-16825 PMID: 26030106; PubMed Central PMCID: PMC4464043.

Bailey MD. How should we measure the ciliary muscle? Invest Ophthalmol Vis Sci. 2011; 52(3):1817-8.
Epub 2011/03/30. https://doi.org/10.1167/iovs.11-7313 PMID: 21444926.

Lossing LA, Sinnott LT, Kao CY, Richdale K, Bailey MD. Measuring changes in ciliary muscle thickness
with accommodation in young adults. Optom Vis Sci. 2012; 89(5):719-26. Epub 2012/04/17. https://doi.
0rg/10.1097/0OPX.0b013e318252cadc PMID: 22504328; PubMed Central PMCID: PMC3348269.

Pucker AD, Sinnott LT, Kao CY, Bailey MD. Region-specific relationships between refractive error and
ciliary muscle thickness in children. Invest Ophthalmol Vis Sci. 2013; 54(7):4710-6. Epub 2013/07/12.
https://doi.org/10.1167/iovs.13-11658 PMID: 23761093; PubMed Central PMCID: PMC3711613.

Tamm S, Tamm E, Rohen JW. Age-related changes of the human ciliary muscle. A quantitative mor-
phometric study. Mech Ageing Dev. 1992; 62(2):209-21. Epub 1992/02/01. https://doi.org/10.1016/
0047-6374(92)90057-k PMID: 1569790.

Wagner S, Zrenner E, Strasser T. Ciliary muscle thickness profiles derived from optical coherence
tomography images. Biomed Opt Express. 2018; 9(10):5100—14. Epub 2018/10/16. https://doi.org/10.
1364/BOE.9.005100 PMID: 30319924; PubMed Central PMCID: PMC6179398 article.

Buckhurst H, Gilmartin B, Cubbidge RP, Nagra M, Logan NS. Ocular biometric correlates of ciliary mus-
cle thickness in human myopia. Ophthalmic Physiol Opt. 2013; 33(3):294-304. Epub 2013/03/04.
https://doi.org/10.1111/0p0.12039 PMID: 23452002.

Laughton DS, Coldrick BJ, Sheppard AL, Davies LN. A program to analyse optical coherence tomogra-
phy images of the ciliary muscle. Cont Lens Anterior Eye. 2015; 38(6):402—8. Epub 2015/06/10. https:/
doi.org/10.1016/j.clae.2015.05.007 PMID: 26072268.

Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of clinical
measurement. Lancet. 1986; 1(8476):307—10. Epub 1986/02/08. PMID: 2868172.

Kuchem MK, Sinnott LT, Kao CY, Bailey MD. Ciliary muscle thickness in anisometropia. Optom Vis Sci.
2013; 90(11):1312—20. https://doi.org/10.1097/OPX.0000000000000070 PMID: 24100479; PubMed
Central PMCID: PMC3985092.

Richdale K, Bullimore MA, Sinnott LT, Zadnik K. The Effect of Age, Accommodation, and Refractive
Error on the Adult Human Eye. Optom Vis Sci. 2016; 93(1):3—11. https://doi.org/10.1097/OPX.
0000000000000757 PMID: 26703933; PubMed Central PMCID: PMC4692191.

Muftuoglu O, Hosal BM, Zilelioglu G. Ciliary body thickness in unilateral high axial myopia. Eye (Lond).
2009; 23(5):1176-81. Epub 2008/06/13. https://doi.org/10.1038/eye.2008.178 PMID: 18551140.

Oliveira C, Tello C, Liebmann JM, Ritch R. Ciliary body thickness increases with increasing axial myo-
pia. Am J Ophthalmol. 2005; 140(2):324-5. https://doi.org/10.1016/j.2j0.2005.01.047 PMID: 16086961.

Wagner S, Zrenner E, Strasser T. Emmetropes and myopes differ little in their accommodation dynam-
ics but strongly in their ciliary muscle morphology. Vision Res. 2019; 163:42-51. Epub 2019/08/12.
https://doi.org/10.1016/j.visres.2019.08.002 PMID: 31401218.

Kato K, Kondo M, Takeuchi M, Hirano K. Refractive error and biometrics of anterior segment of eyes of
healthy young university students in Japan. Sci Rep. 2019; 9(1):15337. Epub 2019/10/28. https://doi.
0rg/10.1038/s41598-019-51920-4 PMID: 31653953; PubMed Central PMCID: PMC6814799.

Kalantan H. Posterior polar cataract: A review. Saudi J Ophthalmol. 2012; 26(1):41-9. Epub 2011/05/
07. hittps://doi.org/10.1016/j.sjopt.2011.05.001 PMID: 23960967; PubMed Central PMCID:
PMC3729648.

Wolffsohn JS, Davies LN. Presbyopia: Effectiveness of correction strategies. Prog Retin Eye Res.
2019; 68:124—43. Epub 2018/09/24. https://doi.org/10.1016/j.preteyeres.2018.09.004 PMID:
30244049.

Esteve-Taboada JJ, Dominguez-Vicent A, Monsalvez-Romin D, Del Aguila-Carrasco AJ, Montés-Mico
R. Non-invasive measurements of the dynamic changes in the ciliary muscle, crystalline lens morphol-
ogy, and anterior chamber during accommodation with a high-resolution OCT. Graefes Arch Clin Exp
Ophthalmol. 2017; 255(7):1385-94. Epub 2017/04/20. https://doi.org/10.1007/s00417-017-3663-4
PMID: 28424868.

Glasser A, Croft MA, Brumback L, Kaufman PL. Ultrasound biomicroscopy of the aging rhesus monkey
ciliary region. Optom Vis Sci. 2001; 78(6):417—-24. Epub 2001/07/11. https://doi.org/10.1097/00006324-
200106000-00014 PMID: 11444631.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240110  October 23, 2020 17/18


https://doi.org/10.1167/iovs.10-5787
https://doi.org/10.1167/iovs.10-5787
http://www.ncbi.nlm.nih.gov/pubmed/20671285
https://doi.org/10.1167/iovs.15-16825
https://doi.org/10.1167/iovs.15-16825
http://www.ncbi.nlm.nih.gov/pubmed/26030106
https://doi.org/10.1167/iovs.11-7313
http://www.ncbi.nlm.nih.gov/pubmed/21444926
https://doi.org/10.1097/OPX.0b013e318252cadc
https://doi.org/10.1097/OPX.0b013e318252cadc
http://www.ncbi.nlm.nih.gov/pubmed/22504328
https://doi.org/10.1167/iovs.13-11658
http://www.ncbi.nlm.nih.gov/pubmed/23761093
https://doi.org/10.1016/0047-6374%2892%2990057-k
https://doi.org/10.1016/0047-6374%2892%2990057-k
http://www.ncbi.nlm.nih.gov/pubmed/1569790
https://doi.org/10.1364/BOE.9.005100
https://doi.org/10.1364/BOE.9.005100
http://www.ncbi.nlm.nih.gov/pubmed/30319924
https://doi.org/10.1111/opo.12039
http://www.ncbi.nlm.nih.gov/pubmed/23452002
https://doi.org/10.1016/j.clae.2015.05.007
https://doi.org/10.1016/j.clae.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26072268
http://www.ncbi.nlm.nih.gov/pubmed/2868172
https://doi.org/10.1097/OPX.0000000000000070
http://www.ncbi.nlm.nih.gov/pubmed/24100479
https://doi.org/10.1097/OPX.0000000000000757
https://doi.org/10.1097/OPX.0000000000000757
http://www.ncbi.nlm.nih.gov/pubmed/26703933
https://doi.org/10.1038/eye.2008.178
http://www.ncbi.nlm.nih.gov/pubmed/18551140
https://doi.org/10.1016/j.ajo.2005.01.047
http://www.ncbi.nlm.nih.gov/pubmed/16086961
https://doi.org/10.1016/j.visres.2019.08.002
http://www.ncbi.nlm.nih.gov/pubmed/31401218
https://doi.org/10.1038/s41598-019-51920-4
https://doi.org/10.1038/s41598-019-51920-4
http://www.ncbi.nlm.nih.gov/pubmed/31653953
https://doi.org/10.1016/j.sjopt.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23960967
https://doi.org/10.1016/j.preteyeres.2018.09.004
http://www.ncbi.nlm.nih.gov/pubmed/30244049
https://doi.org/10.1007/s00417-017-3663-4
http://www.ncbi.nlm.nih.gov/pubmed/28424868
https://doi.org/10.1097/00006324-200106000-00014
https://doi.org/10.1097/00006324-200106000-00014
http://www.ncbi.nlm.nih.gov/pubmed/11444631
https://doi.org/10.1371/journal.pone.0240110

PLOS ONE

A novel anterior segment swept-source optical coherence tomographer

42,

43.

44,

45.

46.

Strenk SA, Strenk LM, Guo S. Magnetic resonance imaging of aging, accommodating, phakic, and
pseudophakic ciliary muscle diameters. J Cataract Refract Surg. 2006; 32(11):1792-8. https://doi.org/
10.1016/j.jcrs.2006.05.031 PMID: 17081859; PubMed Central PMCID: PMC3423448.

Strenk SA, Strenk LM, Guo S. Magnetic resonance imaging of the anteroposterior position and thick-
ness of the aging, accommodating, phakic, and pseudophakic ciliary muscle. J Cataract Refract Surg.
2010; 36(2):235—41. https://doi.org/10.1016/j.jcrs.2009.08.029 PMID: 20152603; PubMed Central
PMCID: PMC2826892.

Ruggeri M, de Freitas C, Williams S, Hernandez VM, Cabot F, Yesilirmak N, et al. Quantification of the
ciliary muscle and crystalline lens interaction during accommodation with synchronous OCT imaging.
Biomed Opt Express. 2016; 7(4):1351-64. https://doi.org/10.1364/BOE.7.001351 PMID: 27446660;
PubMed Central PMCID: PMC4929646.

Shahid H, Salmon JF. Malignant glaucoma: a review of the modern literature. J Ophthalmol. 2012;
2012:852659. Epub 2012/03/27. https://doi.org/10.1155/2012/852659 PMID: 22545204; PubMed Cen-
tral PMCID: PMC3321564.

Xu BY, Chiang M, Chaudhary S, Kulkarni S, Pardeshi AA, Varma R. Deep Learning Classifiers for Auto-
mated Detection of Gonioscopic Angle Closure Based on Anterior Segment OCT Images. Am J
Ophthalmol. 2019; 208:273-80. Epub 2019/08/22. https://doi.org/10.1016/j.2j0.2019.08.004 PMID:
31445003; PubMed Central PMCID: PMC6888901.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240110  October 23, 2020 18/18


https://doi.org/10.1016/j.jcrs.2006.05.031
https://doi.org/10.1016/j.jcrs.2006.05.031
http://www.ncbi.nlm.nih.gov/pubmed/17081859
https://doi.org/10.1016/j.jcrs.2009.08.029
http://www.ncbi.nlm.nih.gov/pubmed/20152603
https://doi.org/10.1364/BOE.7.001351
http://www.ncbi.nlm.nih.gov/pubmed/27446660
https://doi.org/10.1155/2012/852659
http://www.ncbi.nlm.nih.gov/pubmed/22545204
https://doi.org/10.1016/j.ajo.2019.08.004
http://www.ncbi.nlm.nih.gov/pubmed/31445003
https://doi.org/10.1371/journal.pone.0240110

