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Robert N. Weinreb'*

1 Hamilton Glaucoma Center and Department of Ophthalmology, University of California San Diego, San Diego, California, United States of America, 2 Department of
Ophthalmology, the First Affiliated Hospital, Harbin Medical University, Harbin, China

Abstract

Purpose: To evaluate choroidal thickness (CT) in healthy and glaucomatous eyes using Swept Source Optical Coherence
Tomography (SS-OCT).

Methods: A cross-sectional observational study of 216 eyes of 140 subjects with glaucoma and 106 eyes of 67 healthy
subjects enrolled in the Diagnostic Innovations in Glaucoma Study. CT was assessed from wide-field (129 mm) SS-OCT
scans. The association between CT and potential confounding variables including age, gender, axial length, intraocular
pressure, central corneal thickness and ocular perfusion pressure was examined using univariable and multivariable
regression analyses.

Results: Overall CT was thinner in glaucomatous eyes with a mean (*+ standard deviation) of 157.748.5 um in glaucoma
compared to 179.9£36.1 um in healthy eyes (P<<0.001). The choroid was thinner in both the peripapillary and macular
regions in glaucoma compared to controls. Mean peripapillary CT was 154.1%=44.1 um and 134.0*56.9 um (P<<0.001) and
macular CT 199.3£46.1 um and 176.2%57.5 um (P<<0.001) for healthy and glaucomatous eyes respectively. However, older
age (P<0.001) and longer axial length (P<<0.001) were also associated with thinner choroid and when differences in age and
axial length between glaucomatous and healthy subjects were accounted for, glaucoma was not significantly associated
with CT. There was also no association between glaucoma severity and CT.

Conclusions: Glaucoma was not associated with CT measured using SS-OCT; however, older age and longer axial length
were associated with thinner choroid so should be considered when interpreting CT measurements.

Citation: Zhang C, Tatham AJ, Medeiros FA, Zangwill LM, Yang Z, et al. (2014) Assessment of Choroidal Thickness in Healthy and Glaucomatous Eyes Using Swept
Source Optical Coherence Tomography. PLoS ONE 9(10): €109683. doi:10.1371/journal.pone.0109683

Editor: Andreas Wedrich, Medical University Graz, Austria
Received May 28, 2014; Accepted September 11, 2014; Published October 8, 2014

Copyright: © 2014 Zhang et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All data from this study is from the ongoing
Diagnostic Innovations Study at Hamilton Glaucoma Center, University of California San Diego. The dataset used for this study is included as supplementary
material with the paper.

Funding: The study was supported in part by National Institutes of Health/National Eye Institute grants EY021818 (to FAM), EY11008 (to LMZ), EY14267 (to LMZ),
Cover Letter EY019869 (to LMZ), core grant P30EY022589 (http://www.nei.nih.gov/index.asp) and an unrestricted grant from Research to Prevent Blindness
(http://www.rpbusa.org/rpb/). The study was funded in part by participant retention incentive grants in the form of glaucoma medication at no cost from Alcon
Laboratories, Allergan, Pfizer, and Santen. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Competing Interests: We wish to disclose the following competing interests: Chunwei Zhang: None. Andrew J. Tatham: Research Support; Heidelberg
Engineering, GmbH. Felipe A. Medeiros: Funding; Alcon Laboratories, Bausch & Lomb, Carl Zeiss Meditec, Heidelberg Engineering, GmbH, Merck, Allergan,
Sensimed, Topcon, Reichert, National Eye Institute. Research Support: Alcon Laboratories, Allergan, Carl Zeiss Meditec, Reichert, Consultant: Allergan, Carl-Zeiss
Meditec, Novartis. Linda M. Zangwill: Funding; Carl Zeiss Meditec, Heidelberg Engineering, GmbH, Optovue, Topcon Medical Systems, Nidek. Zhiyong Yang: None.
Robert N. Weinreb: Funding; Aerie, Carl Zeiss Meditec, Genentech, Heidelberg Engineering GmbH, National Eye Institute, Nidek, Novartis, Optovue, Quark, Topcon.
Consultant; Alcon, Allergan, Bausch & Lomb, Carl Zeiss Meditec, Sensimed, Topcon. This does not alter the authors’ adherence to PLOS ONE policies on sharing
data and materials.

* Email: rweinreb@ucsd.edu

Introduction proposed that the microcirculation and vascular perfusion can
) ) ) ) contribute to the health of the optic nerve. As choroidal derived
Glaucoma is characterized by progressive damage to retinal vasculature perfuses the prelaminar area of the ONH [7], there is

ganglion cells leading to optic nerve head (ONH) morphological interest in the role of the choroid in the pathogenesis of glaucoma
changes, thinning of the retinal nerve fiber layer and loss of visual 8].

field [1]. The underlying mechanism of damage is incompletely

. 5 ) ) ! Initial histological studies supported an association between
understood, but is likely multifactorial [2]. Raised intraocular

i ) ' choroidal morphology and glaucoma, with several reports of
pressure (IOP) is a major risk factor [3-6]. It also has been thinner choroid in glaucomatous compared to non-glaucomatous
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eyes [9-11]. Reduced thickness was thought to be due to loss of the
mnermost choroidal vasculature and it was suggested that
choroidal thinning might be associated with choroidal insufficiency
which could contribute to glaucomatous retinal ganglion cell
damage. However, further evidence is needed to support or refute
this theory, particularly as histological studies have limitations due
to fixation methods and delays between death and fixation that
may induce artifacts. Also, previous histological studies were
limited to small numbers of patients and did not control for other
factors now known to influence choroidal thickness (C'T) including
age and axial length [9,12,13].

It is now possible to obtain in vivo images of the choroid using
enhanced depth imaging optical coherence tomography (EDI-
OCT), a modified version of spectral domain OCT (SD-OCT)
[14]. Enhanced depth imaging has been used to examine macular
CT in healthy and glaucomatous eyes, with most studies finding
no significant difference [15-18]. However, although enhanced
depth imaging allows visualization of the choroid, the choroidal-
scleral boundary may be difficult to discern. Furthermore, as
choroidal segmentation software is not readily available, the
assessment of CT has often relied on manual measurements at
localized points [19-20]. Recently, a new generation of high-
penetration OCT devices has been introduced with the potential
to improve assessment of the choroid [21]. These Fourier-domain
OCT devices are based on an alternative approach to image
acquisition, known as Swept Source OCT (SS-OCT). SS-OCT
devices use a tunable laser (i.e., one whose wavelength of operation
can be altered in a controlled manner) and photodetectors instead
of the silicone-based, line-scan, charge-coupled device camera
used in SD-OCT systems. These innovations reduce light scatter
by the retinal pigment epithelium and therefore enable better
visualization of deeper ocular structures including the choroid.
Previous studies have shown the potential of using SS-OCT for
choroidal imaging [22] especially given the availability of software
for segmentation of multiple retinal layers and the choroid [23].
SS-OCT also provides the capability of a wide field 12x9 mm
scan enabling simultaneous imaging of the macula and ONH and
measurement of C'T over a larger area than previously possible in
a single scan. Peripapillary and macular CT can therefore be
calculated from a single scan.

The aim of the present study was to use SS-OCT to assess C'T
in healthy and glaucomatous eyes. We also assessed the effect of
factors including age, gender, race, axial length, retinal nerve fiber
layer (RNFL) thickness, mean deviation (MD), intraocular pressure
(IOP), blood pressure (BP) and ocular perfusion pressure (OPP) on
choroidal thickness.

Methods

This was a cross-sectional observational study of participants
from the Diagnostic Innovations in Glaucoma Study (DIGS) at the
University of California San Diego (UCSD). The DIGS is a
prospective longitudinal study designed to evaluate optic nerve
structure and visual function in glaucoma. Informed consent was
obtained from all participants, and the institutional review board
and human subjects committee at UCSD prospectively approved
all methods. All study methods adhered to the tenets of the
Declaration of Helsinki for research involving human subjects and
the study was conducted in accordance with the regulations of the
Health Insurance Portability and Accountability Act.

Methodological details have been described in detail previously
[24]. At each visit during follow-up, subjects underwent a
comprehensive ophthalmologic examination including review of
medical history, BP, best-corrected visual acuity, slit-lamp
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biomicroscopy, IOP measurement, gonioscopy, dilated fundo-
scopic examination, stereoscopic optic disc photography, and
standard automated perimetry (SAP) using the Swedish Interactive
Threshold Algorithm (Standard 24-2). Central corneal thickness
(CCT) was measured with ultrasound Pachymetry (DGH Tech-
nology Inc, Exton, PA) and axial length measurement using the
IOL Master (Carl Zeiss Meditec, Dublin, CA) was also performed.
Diastolic and systolic ocular perfusion pressure was calculated as
diastolic or systolic BP minus IOP respectively. Objective
measurements of choroidal and RNFL thickness were obtained
using the swept source Deep Range Imaging OC'T (DRI-OCT-1
Atlantis, Topcon, Inc., Tokyo, Japan). The study included only
subjects with open angles on gonioscopy. Subjects were excluded if
they presented with a best-corrected visual acuity less than 20/40,
spherical refraction outside 5.0 diopters or cylinder correction
outside 3.0 diopters, or any other ocular or systemic disease that
could affect the optic nerve or visual field.

The study included 322 eyes of 207 participants, including 106
healthy and 216 glaucomatous eyes. Eyes were classified as
glaucoma if they had repeatable (=2 consecutive) abnormal SAP
test results or progressive glaucomatous changes on masked
grading of optic disc stereophotographs. Healthy subjects were
recruited from the general population through advertisements and
from the staff and employees of the University of California San
Diego. Healthy eyes had IOP=21 mmHg, with no history of
increased IOP and a normal SAP result.

Standard Automated Perimetry

SAP was performed using the Humphrey Field Analyzer 11
(Carl Zeiss Meditec, Dublin, CA, USA) and the 24-2 Swedish
interactive threshold algorithm (SITA Standard 24-2, Carl Zeiss
Meditec, Inc., Dublin, CA, USA). All visual fields were evaluated
by the UCSD Visual Field Assessment Center (VisFACT) [25].
Visual fields with more than 33% fixation losses or false-negative
errors, or more than 15% false-positive errors, were excluded. The
only exception was the inclusion of visual fields with false-negative
errors of more than 33% when the field showed advanced disease
(worse than —12 dB). SAP tests were defined as normal if the MD
and pattern standard deviation was within 95% normal confidence
limits and the Glaucoma Hemifield Test (GHT) was also within
normal limits. An abnormal SAP test was defined as a visual field
with a pattern standard deviation with P<<0.05 and/or a GHT
outside normal limits.

Optic Disc Stereophotographs

Simultaneous stereoscopic optic disc photography (Kowa
Nonmyd WX3D, software version VK27E, Kowa Company
Ltd., Tokyo, Japan) was performed for all subjects and digital
stereoscopic images were reviewed with a stereoscopic viewer
(Screen-VU stereoscope, PS Mfg., Portland, Oregon, USA) by two
or more experienced graders. Each grader was masked to the
subject’s identity and to the other test results. Details of the
methodology employed to grade optic disc photographs at the
UCSD Optic Disc Reading Center have been provided elsewhere
[24,26].

Deep Range Imaging Optical Coherence Tomography
CT was assessed from images acquired using DRI-OCT, which
is a new Swept Source OCT, currently not available commercially
in the United States. The DRI-OCT acquires 100,000 A-scans per
second and provides an axial resolution in tissue of 8 mm. DRI-
OCT has a center wavelength of 1,050 nm and a sweeping range
of approximately 100 nm, compared to the 850 nm wavelength of
SDOCT [23,27]. For the present study, all eyes were imaged using
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Figure 1. Partial 3-dimensional image of a 12x9 mm scan obtained with DRI-OCT using the instrument’s cropping function and
showing segmentation of the choroid (A). Horizontal B scan showing a segmented choroid with thickness measured between the two green

demarcated lines (B).
doi:10.1371/journal.pone.0109683.9001

the wide field 12 x9 mm raster scan setting with the scan centered
on the posterior pole. It was therefore possible to obtain images of
the macular and ONH region in a single scan. The 12x9 mm
scan comprises 256 B-scans, each comprising 512 A-scans for a
total of 131,072 axial scans/volume. The total acquisition time
was 1.3 seconds per 12x9 mm scan.

DRI-OCT segmentation software (version 9.11, Topcon, Inc.,
Tokyo, Japan) was used to identify the limits of the choroid and
determine C'T throughout the 12 x9 mm scan. Data was exported
using the manufacturer’s OCT-Batch (version 9.1.10) utility. The
quality of each scan and accuracy of the segmentation algorithm
were reviewed by an experienced examiner and poor quality

PLOS ONE | www.plosone.org

images (quality score <50, clipped or poorly focused scans) were
excluded.

Scans with segmentation failures and motion artifacts were also
excluded.

Figure 1 shows an example of a 3-dimensional SS-OCT scan
with the segmented borders of the choroid delineated. The SS-
OCT software calculates the average CT for each 1 mm? grid
square of the 12x9 mm scan and allows this date to be displayed
and exported. Therefore for each eye the average C'T' in a total of
108 locations was calculated (Figure 2). The mean CT in 20
central 1 mmx1 mm squares was calculated to represent the
macular C'T (Figure 3). The peripapillary C'T" was estimated as the
mean CT of 20 | mmx1 mm squares in the region of the optic
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Figure 2. Example of a 12x9 mm DRI-OCT image of a glaucomatous eye included in the study. The numbers correspond to the average
choroidal thickness (in um) for each of the 108 1 mm? regions of the scan.

doi:10.1371/journal.pone.0109683.9g002

disc. The total CT was calculated as the mean CT for all sectors in
the 12x9 mm? scan. Segmentation software was also used to
calculate the average RNFL thickness over the total 12x9 mm?
area from the wide field SS-OCT scan. The data for this study is
deposited in Table S1.

Statistical Analysis

Normality assumption was assessed by inspection of histograms
and using Shapiro-Wilk tests. Student ¢-tests were used for group
comparison for normally distributed variables and Wilcoxon rank-
sum test for continuous non-normally distributed variables. The
association between C'T and parameters including age, axial
length, CCT, ocular perfusion pressure, MD, RNFL thickness,
gender and ancestry was assessed using scatter plots and univariate
linear regression in healthy and glaucomatous eyes. Observations
from two eyes of the same subject are likely to be correlated, which
can lead to underestimation of true variance. A between-cluster
variance estimator was therefore used to account for correlations
between eyes of the same subject and calculate robust variance
estimates in univariate and multivariable analyses [28]. Variables
from univariate analysis with a significance of 0.2 or smaller were
examined in multivariable models with total C'T" as the dependent
variable. The analysis was repeated for peripapillary and macular
CT. The relationship between CT and glaucoma, and between
CT and SAP MD, was examined in the multivariable model
accounting for the covariables associated with CT. All statistical
analyses were performed with commercially available software
(Stata version 13; StataCorp, College Station, TX).

PLOS ONE | www.plosone.org

Results

The study included 265 glaucomatous eyes from 187 patients
and 125 healthy eyes from 84 subjects. 10 eyes with poor quality
scans (quality score <50 or poorly focused scans) and 58 eyes with
scans with segmentation failures and motion artifacts were
excluded. This left a total of 216 glaucomatous eyes from 140
patients and 106 healthy eyes from 67 subjects.

The demographic and clinical characteristics of those included
in the study are summarized in Table 1. Subjects with glaucoma
were significantly older than healthy subjects (P<<0.001). Those
with glaucoma had a mean age of 71.8+10.2 years compared to
61.2*£11.9 years in healthy subjects. The mean total CT in
glaucomatous eyes was 157.7%248.5 um, which was significantly
thinner than in healthy eyes 179.9£36.1 um (P<<0.001) (Table 1
and Figure 4). Peripapillary and macular CT were also signif-
icantly thinner in glaucomatous subjects. The mean peripapillary
choroidal thickness was 154.1%44.1 um in healthy subjects
compared to only 134.0=56. 9 um in those with glaucoma (P<
0.001). The mean macular CT was 199.3%46.1 um in healthy
subjects compared to only 176.2£57.5 um in those with glaucoma
(P<0.001) (Table 1 and Figure 4). For both glaucomatous and
healthy eyes, C'T' was largest in the macular region. Eyes with
glaucoma had longer axial length (P =0.039), worse SAP MD (P<
0.001), thinner RNFL thickness (P<<0.001) and higher systolic
OPP (P=0.001) than healthy eyes (Table 1). The distribution of
SAP MD and IOP for healthy and glaucomatous eyes is shown in
Figures 5A and 5B. Subjects with glaucoma also had higher
systolic BP (P<<0.001) than healthy subjects. CCT and IOP were

October 2014 | Volume 9 | Issue 10 | €109683
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Figure 3. Example of the analysis map for the right eye used in the study. The figure shows the 12x9 mm scan divided into 1 mm? sectors.
The areas used for the calculation of macular choroidal thickness (red), peripapillary choroidal thickness (green) and total choroidal thickness (yellow,
red and green) are shown. The numbers represent the row and column co-ordinates for each sector.

doi:10.1371/journal.pone.0109683.g003

not significantly different between groups (P =10.392 and P=0.195
respectively).

The relationship between total CT and variables including age,
gender, ancestry, axial length, systolic and diastolic OPP, and
CCT was examined in healthy subjects. Scatter plots suggested a
tendency for total C'T to be lower in older subjects and those with

300
1

250
1

200
1

150
1

Choroidal thickness (um)

100
1

50
1

longer axial length (Figures 6A and 6B). Univariable linear
regression analyses also indicated longer axial length (P=0.027)
and older age (P =0.039) to be associated with thinner total CT in
healthy eyes (Table 2). Other variables including gender, ancestry,
OPP and CCT were not significant. In the multivariable analysis,
axial length (P =0.008) and age (P =0.007) remained significantly

T
total choroidal thickness

macular choroidal thickness  peripapillary choroidal thickness

[ Healthy eyes

" | Glaucoma eyes

Figure 4. Boxplot illustrating the distribution of total, macular and peripapillary choroidal thickness values in glaucomatous and

healthy eyes.
doi:10.1371/journal.pone.0109683.g004
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Figure 5. Distribution of standard automated perimetry (SAP) mean deviation (decibels) in healthy and glaucomatous eyes (A).
Distribution of intraocular pressure (mmHg) in healthy and glaucomatous eyes (B).

doi:10.1371/journal.pone.0109683.9005

associated with total CT in healthy subjects. Each decade of
increasing age was associated with a 8.6 um decrease in total C'T
and each 1 mm longer axial length, a 12.7 um decrease in total
CT in healthy eyes (Table 3). In addition, age was significantly
associated with peripapillary C'T' (P =0.038), and axial length was
significantly associated with peripapillary CT (P=0.001) in
healthy eyes. In contrast, macular CT was not significantly
associated with age (P=0.064) and axial length (P=0.078) in
healthy eyes in the multivariable models (Table 3).

A similar analysis was performed using glaucomatous and
healthy eyes and for macular and peripapillary CT. Age and axial
length were associated with thinner total, peripapillary and
macular CT (Table 4). In univariable models thinner RNFL

PLOS ONE | www.plosone.org

thickness was also associated with thinner total, peripapillary and
macular C'T (P<<0.001 for all comparisons) (Table 4). Variables
with P<<0.2 in the univariable analyses were examined using
multivariable models (Table 5). Age and axial length remained
significantly associated with total, peripapillary and macular CT.
Once age and axial length were corrected for, the presence or
absence of glaucoma had no significant relationship on total
(P=0.216), peripapillary (P=0.417) or macular CT (P=0.330)
(Table 5). Similar multivariable models were constructed to
examine the relationship between RNFL thickness, age, axial
length and CT. RNFL thickness was not significant in the total C'T
(coefficient =0.03, 95% CI: —0.01 to 0.06, P=0.107) analyses.

October 2014 | Volume 9 | Issue 10 | €109683
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Table 1. Demographic and ocular characteristics of healthy and glaucomatous subjects included in the study.

Healthy (n=106 eyes, 67 subjects) Glaucoma (n=216 eyes, 140 subjects) P-value
Age (years) 61.21+11.89 71.82£10.19 <0.001
Sex (female) 69 (65%) 98 (45%) 0.001*
Ancestry
European 31 (46%) 94 (67%) 0.004 *
African 31 (46%) 33 (24%)
Other 5 (8%) 13 (9%)
Axial length (mm) 23.87+1.00 2413%1.25 0.039
CCT (um) 547.36 = 45.21 543.12 * 39.84 0.392"
Systolic BP (mmHg) 129.15+14.35 136.84+15.96 <0.001
Diastolic BP (mmHg) 77.26+10.33 75.27£9.47 0.183
I0P (mmHg) 13.94+2.79 14.02+4.33 0.195
Systolic OPP (mmHg) 115.21+14.53 122.82+15.90 0.001
Diastolic OPP (mmHg) 63.32+10.20 61.25+9.75 0.140
SAP MD (dB) 0.13*+1.30 —5.25+6.29 <0.001
RNFL thickness (um) 57.37%7.35 41.25+11.23 <0.001
Total CT (um) 179.90%+36.05 157.70+48.54 <0.001
Peripapillary CT (um) 154.12+44.11 133.99+56.89 <0.001
Macular CT (um) 199.30+46.10 176.15+57.54 <0.001
CT - inferior (um) 169.33+38.54 150.96+49.44 <0.001
CT - superior (um) 190.05+37.59 164.45+51.23 <0.001

doi:10.1371/journal.pone.0109683.t001

Discussion

In the present study SS-OCT was used to measure CT in
healthy and glaucomatous eyes. The wide-field SS-OCT scan
allowed imaging of the macular and peripapillary regions in a
single scan, and over a wider area than previously studied.
Although we found an association between glaucoma and thinner
choroid in the univariable analysis, any association disappeared
after adjusting for differences in age and axial length between
groups. Older age and longer axial length were both associated
with thinner choroid, suggesting that the apparent association
between glaucoma and thinner choroid was in fact due to the
confounding effect of age and axial length. Accounting for age and
axial length, there was also no significant relationship between
glaucoma and thickness of the macular or peripapillary choroid.

We also examined the relationship between C'T and markers of
glaucoma severity, however there was no significant association
between SAP MD and total, macular or papillary C'T. Thinner
RNFL was associated with thinner choroid in univariable analyses
(Table 4), however, RNFL thickness was not significant in the
multivariable analyses, accounting for age and axial length. The
likely explanation for this is that, similarly to choroidal thickness,
RNFL thickness decreases with age and is also thinner in eyes with
large axial length [29-32].

These findings are in agreement with previous studies using
EDI-OCT suggesting that in vivo measurements of CT are not
significantly different in patients with open angle glaucoma
compared to controls [15,16,18,33,34]. However, our study goes
further as most previous studies have only examined the thickness
of the choroid in the macular region and have not used SS-OCT

PLOS ONE | www.plosone.org

Mean = standard deviation and Wilcoxon rank sum test unless specified otherwise. *Fisher’s exact test.

fStudent t-test. Abbreviations: CCT = Central corneal thickness; BP = blood pressure; IOP = intraocular pressure; OPP = ocular perfusion pressure; SAP = standard
automated perimetry; MD = mean deviation; RNFL = retinal nerve fiber layer; CT = choroidal thickness.

Where appropriate P-values were adjusted for correlations between eyes of the same subject using a between-cluster variance estimator.

technology or employed a wide-field scanning technique to image
a greater choroidal area.

Due to the proximity of the peripapillary choroid to the ONH,
one might suppose that peripapillary CT would be a better
measure of the blood supply to the ONH and therefore of more
relevance to glaucoma. There is some evidence that peripapillary
CT might be important in specific subtypes of glaucoma [35-36].
For example, Roberts and colleagues found peripapillary CT was
25 to 30% thinner in those with sclerotic glaucomatous disc
damage than in patients with focal and diffuse optic disc damage
or healthy controls [35]. However several other studies have not
detected an association between glaucoma and peripapillary CT
[9,37,38]. In a study of eyes with glaucoma without history of
raised IOP, Hirooka and colleagues suggested that the portion of
the macular choroid closest to the ONH may be thinner in those
with glaucoma [35]. There was also correlation between CT in
this region and SAP MD. To investigate this possibility in our
sample, we calculated CT in the zone between the macula and
ONH (measured as the average CT in the 20 squares in region 3—
5 to 3-8x7-5 to 7-8 in Figure 3) but found no association
between CT and glaucoma or between C'T in this region and SAP
MD. However, our sample was not selected to include only eyes
with normal intraocular pressure.

The current study has provided useful information about the
normal choroid. The results indicate that CT is largest at the
macula and decreases towards the peripapillary region. The
macular choroid was typically 29% thicker than the peripapillary
choroid in healthy subjects. The finding that C'T' is greatest near
the macula is consistent with previous studies, however, overall the
CT measurements in this study were slightly thinner than those

October 2014 | Volume 9 | Issue 10 | €109683
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—0.72 pm/year, P=0.039) (A) and the relationship between axial length and total choroidal thickness in healthy eyes (R”=0.099,

Slope: —11.36 pm/year P=0.027) (B).
doi:10.1371/journal.pone.0109683.g006

previously reported using both SS-OCT and EDI-OCT
[14,20,21,39]. For example, two recent studies, which used SS-
OCT to examine CT in healthy subjects, found average subfoveal
CT to be approximately 270 to 280 wm. In comparison, using
EDI-OCT subfoveal CT using SD-OCT was 263 um to 273 um
[40,41]. These results suggest that EDI-OCT and SS-OCT
produce similar CT measurements. The thinner choroid noticed
in the present study is likely to be due to differences in patient
characteristics between the studies. Another possible explanation is
that previous studies relied on manual segmentation and measured
a few points along the choroid rather than the large area measured
in the present study.

Previous studies have shown an association between thinner
choroid and older age, longer axial length, thicker CCT, and

PLOS ONE | www.plosone.org

lower ocular perfusion pressure [13,15,21,42-44]. We found
thinner C'T was associated with longer axial length and older age,
however, there was no significant relationship between CT and
gender, ancestry, systolic or diastolic OPP, or CCT. In healthy
eyes total CT was inversely proportional to age with an
approximate 9 um decrease in CT with each decade. This is
slightly smaller than the 16 to 31 um per decade decrease in
macular CT previously reported in studies using EDI-OCT but
could be explained by the thinner overall CT in the present study
[15,16,20,29,45]. In multivariable models, accounting for axial
length, we found a similar relationship between age and
peripapillary CT (9.0 um decrease per decade) and macular CT
(7.8 um decrease per decade) (Table 3). In healthy eyes the total
CT also decreased by almost 13 um for each 1 mm increase in
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Table 2. Results of the univariable regression analyses evaluating the association between choroidal thickness and clinical

variables in healthy eyes.
Total Choroidal Thickness Peripapillary Choroidal Thickness Macular Choroidal Thickness
Coefficient (95% CI)  P- value Coefficient (95% CI) P-value Coefficient (95% CI) P-value

Age (years) —0.72 0.039 —0.72 0.14 —0.67 0.124
(—1.41 to 0.04) (—1.66 to 0.23) (—1.52 to 0.19)

Gender 435 0.620 837 0.457 6.25 0.537
(—13.08 to 21.78) (—13.99 to 30.72) (—13.85 to 26.35)

Ancestry 0.99 0911 9.54 0.381 —16.23 0.136
(—16.68 to 18.66) (—12.04 to 31.11) (—37.71 to 5.25)

Axial length (mm) —11.36 0.027 —15.01 0.007 —8.96 0.133
(—21.38 to —1.35) (—25.74 to —4.27) (—20.71 to 2.80)

Systolic OPP (mmHg) —0.248 0.441 —0.24 0.546 —0.47 0.129
(—0.89 to 0.39) (—1.04 to 0.56) (—1.08 to 0.14)

Diastolic OPP (mmHg) —0.31 0.478 —0.21 0.704 —0.80 0.105
(—1.17 to 0.55) (—1.33 to 0.90) (—1.77 t0 0.17)

CCT (um) 0.03 0.770 —0.02 0.865 0.04 0.664
(—0.15 to 0.21) (—0.25 to 0.21) (—0.16 to 0.24)

Systolic BP (mmHg) —0.37 0.245 —0.26 0.509 —0.509 0.147
(—1.01 to 0.26) (—1.05 to 0.53) (—1.20 to 0.18)

Diastolic BP (mmHg) —0.48 0.256 —0.18 0.730 —0.81 0.08
(—1.31 to 0.35) (—1.20 to 0.85) (=1.73 to —0.11)

IOP (mmHg) —1.00 0.512 0.50 0.791 —0.58 0.761
(—4.04 to 2.03) (—3.26 to 4.27) (—4.36 to 3.20)

Abbreviations: OPP = ocular perfusion pressure; CCT = central corneal thickness; BP = blood pressure; IOP = intraocular pressure.

doi:10.1371/journal.pone.0109683.t002

axial length, compared to a decrease in peripapillary CT of
16.4 um, and a decrease in macular C'T of 10.2 um, for similar
increases in axial length. Similar results were found in the analyses
including all eyes (Table 3).

Interestingly, we found the regression coefficient between age
and choroidal thickness was smaller in healthy subjects compared

to those with glaucoma (—0.72 (95% CI=—1.41 to 0.04) versus
—1.03 (95% CI=-1.65 to —0.40). This indicates that the
relationship between older age and thinner choroid may be steeper
in glaucomatous eyes than controls, or in other words, there may
be a greater decrease in C'T' with aging in those with glaucoma
compared to controls. Although the confidence intervals overlap,

Table 3. Results of multivariable analysis for total, macular and peripapillary choroidal thickness in healthy eyes including variables
from univariable analysis with P<0.2.

Characteristic Coefficient 95% CI P-value
Total CT

Constant (um) 537.24 314.75 to 759.74 <0.001
Age (per decade older) —8.62 —14.76 to —2.48 0.007
Axial length (per 1 mm longer) —12.70 —21.91 to —3.49 0.008
Peripapillary CT

Constant (um) 600.23 364.16 to 836.30 <0.001
Age (per decade older) —8.96 —17.41 to —0.50 0.038
Axial length (per 1 mm longer) —16.39 —26.26 to —6.52 0.001
Macular CT

Constant (um) 553.95 284.00 to 823.89 <0.001
Age (per decade older) —7.76 —15.98 to —0.46 0.064
Axial length (per 1 mm longer) —10.16 —21.50to 1.18 0.078
Abbreviations: CT = choroidal thickness.

doi:10.1371/journal.pone.0109683.t003
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Table 4. Results of univariable regression analyses evaluating the association between choroidal thickness (total, peripapillary and

macular) and demographic and clinical characteristics in healthy and glaucomatous eyes.
Total Choroidal Thickness Peripapillary Choroidal Thickness Macular Choroidal Thickness
Coefficient (95% Cl) P- Value Coefficient (95% cI)  P-value Coefficient (95% Cl) P-value

Age (years) —-1.12 <0.001 —0.98 0.003 —1.21 <0.001
(—1.66 to —0.57) (=1.61 to —0.35) (—1.87 to —0.54)

Gender —14.76 0.021 —13.33 0.071 —12.82 0.071
(—27.27 to —2.24) (—27.83 to 1.17) (—27.79 to 2.16)

Ancestry 12.05 0.081 18.72 0.02 0.23 0.976
(—1.52 to 25.63) (2.94 to 34.50) (—15.47 to 15.00)

Axial length (mm) —12.25 <0.001 —14.33 <0.001 —12.34 <0.001
(=17.51 to —6.99) (—20.27 to 8.40) (—18.36 to —6.32)

Systolic OPP (mmHg) —0.23 0.259 —0.21 0.349 —0.16 0.493
(—0.63 to 0.17) (—0.66 to 0.24) (—0.61 to 0.30)

Diastolic OPP (mmHg) 0.39 0.188 0.24 0.493 0.37 0.302
(—0.19 to 0.96) (—0.44 to 0.92) (—0.34 to 1.08)

CCT (um) 0 0.956 —0.04 0.666 0.02 0.865
(—0.15 to 0.15) (—0.21 to 0.14) (—0.16 to 0.19)

RNFL thickness (um) 1.10 <0.001 1.19 <0.001 1.14 <0.001
(0.63 to 1.56) (0.65 to 1.71) (0.58 to 1.70)

SAP MD (dB) 0.62 0.402 0.49 0.543 0.81 0.366
(—0.83 to 2.06) (—1.09 to 2.06) (—0.95 to 2.57)

Glaucoma —22.20 <0.001 —20.14 0.005 —23.15 0.001
(—33.74 to —10.65) (—34.01 to —6.26) (—37.15 to —9.14)

Abbreviations: OPP = ocular perfusion pressure; CCT = Central corneal thickness; RNFL = retinal nerve fiber layer; SAP = standard automated perimetry; MD = mean

deviation.

doi:10.1371/journal.pone.0109683.t004

Table 5. Results of multivariable analysis including variables from univariable analysis with P<<0.2 for healthy and glaucomatous

eyes.

Characteristic Coefficient 95% CI P-value
Total CT

Constant (um) 548.70 428.38 to 669.02 <0.001
Age (per decade older) -10.78 —16.19 to —5.34 <0.001
Axial length (mm) —12.69 —17.64 to —7.73 <0.001
Glaucoma (yes) —7.45 —19.29 to 4.38 0.216

Peripapillary CT

Constant (um) 566.52 414.95 to 690.83 <0.001
Age (per decade older) —9.80 —1.61to —0.35 0.003
Axial length (mm) —14.76 —20.54 to —9.00 <0.001
Glaucoma (yes) —5.89 —20.16 to 8.36 0.417
Macular CT

Constant (um) 577.86 436.63 to 719.08 <0.001
Age (per decade older) —11.74 —18.52 to —4.96 0.001
Axial length (mm) —12.85 —18.56 to —7.14 <0.001
Glaucoma (yes) —7.33 —22.14 to 7.47 0.330

Abbreviations: CT = choroidal thickness.
doi:10.1371/journal.pone.0109683.t005
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indicating the differences in slopes of change in CT did not reach
statistical significance; it raises the possibility that there may be an
interaction between glaucoma, aging and changes in choroidal
thickness over time. It would be interesting to evaluate this possible
interaction in a longitudinal study, using age-matched glaucoma-
tous and healthy subjects.

There were limitations to the present study. 68 of 390 eyes
(17.4%) were excluded due to poor scan quality or segmentation
failures, which potentially could have introduced bias. For
example, it is possible that eyes with thicker choroid may have
been more difficult to image due to deeper penetration needed.
However, it was important to have a rigorous quality control to
ensure included scans were accurate and significant bias seems
unlikely as the proportion of glaucomatous and healthy eyes
excluded was similar (49 of 265 (18.5%) versus 19 of 125 (15.2%)
respectively). A further potential limitation of this study was that
patients with glaucoma were already receiving treatment, For this
reason, the study had limited ability to evaluate the association
between IOP and CT and IOPs as shown from the observation
that IOPs were not significantly different between glaucomatous
and healthy eyes (Table 1 and Figure 5B). It is possible that CT
may be different in untreated subjects, with higher IOPs. Using
CT measurements obtained with radiofrequency, Cristini and
colleagues found glaucomatous eyes with elevated IOP (30 to
45 mmHg) had 20% greater C'T' than healthy eyes [46]. Using
EDI-OCT, Usui and colleagues found increased CT with IOP
reduction following trabeculectomy [47]. In contrast, it has also
been observed that in eyes with acute primary angle closure, a
reduction in CT may occur following successful reduction in IOP
[48]. Choroidal thinning has also been found to accompany acute
increases in IOP induced by darkroom prone provocation testing
in those with suspected primary angle closure [50]. It was
proposed that raised IOP might induce choroidal thinning
secondary to an IOP-induced reduction in choroidal blood flow
[51,52]. A further limitation of our study is we did not regulate
patients fluid intake prior to testing. This is a potential problem as
hydration status is likely to influence C'T, with an increase in CT
reported after water drinking. In future studies it may be
important to regulate subjects’ fluid intake prior to imaging [49].
We did not investigate choroidal blood flow. Although the
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majority of total ocular blood volume and flow (~80-90%) is
derived from the choroidal vascular, a causal relationship between
measurements of ocular blood flow and glaucoma progression has
not been established [53]. In addition, we estimated the macular
and peripapillary CT using the grid pattern provided by the SS-
OCT software which was centered on the fovea. Although during
scanning the SS-OCT device uses a fixation target to center the
grid on the fovea, it is possible that the macular and peripapillary
CT measurements may not have been obtained at the same
location relative to the macula and optic disc in every patient. For
this reason we reviewed each scan and included only those passing
the quality control process described in the methods.

In conclusion, this study has shown that SS-OCT is a useful tool
for evaluation of CT. Using cross-sectional data we have
demonstrated a relationship between increasing age, longer axial
length and thinner choroid. However, when differences in age and
axial length between glaucomatous and healthy subjects were
accounted for there was no association between glaucoma and
CT. Although we found no relationship between glaucoma and
CT, prior studies have indicated an association between glaucoma
and both impaired choroidal circulation and decreased blood flow
to the ONH [52,54-55]. It may be that CT is a poor marker of
functional integrity of the choroid, particularly as the choroid has
an extravascular space that could explain much thickness
variability. Further studies that explore the relationship between
CT and choroidal blood flow may provide further insight into the
potential role of the choroid in glaucoma.
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included in the study.

(CSV)

Author Contributions

Conceived and designed the experiments: CZ AJT FAM LMZ ZY RNW.
Performed the experiments: CZ. Analyzed the data: CZ AJT FAM ZY
RNW. Wrote the paper: ZA AJT FAM LMZ RNW.

. Spraul CW, Lang GE, Lang GK, Grossniklaus HE (2002) Morphometric
changes of the choriocapillaris and the choroidal vasculature in eyes with
advanced glaucomatous changes. Vision Res 42: 923-932.

. Arora K8, Jefferys JL, Maul EA, Quigley HA (2012) The choroid is thicker in
angle closure than in open angle and control eyes. Investigative ophthalmology
& visual science 53: 7813-8.

. Spaide RF, Koizumi H, Pozonni MC (2008) Enhanced depth imaging spectral-
domain optical coherence tomography. Am J Ophthalmol 146: 496-500.

15. Maul EA, Friedman DS, Chang DS, Boland MV, Ramulu PY, et al. (2011)
Choroidal thickness measured by spectral domain optical coherence tomogra-
phy: Factors affecting thickness in glaucoma patients. Ophthalmology 118:
1571-1579.

. Mwanza JC, Hochberg JT, Banitt MR, Feuer WJ, Budenz DL (2011) Lack of
association between glaucoma and macular choroidal thickness measured with
enhanced depth-imaging optical coherence tomography. Investigative ophthal-
mology & visual science 52: 3430-3435.

. McCourt EA, Cadena BC, Barnett CJ, Ciardella AP, Mandava N, et al (2010)
Measurement of subfoveal choroidal thickness using spectral domain optical
coherence tomography. Ophthalmic Surg Lasers Imaging 41: S28-33.

. Rhew JY, Kim YT, Choi KR (2014) Measurement of subfoveal choroidal
thickness in normal-tension glaucoma in korean patients. J Glaucoma 23: 46-49.

. Marco Pellegrini, Carol L. Shields, Sruthi Arepalli, Jerry A. Shields (2014)
Choroidal Melanocytosis Evaluation with Enhanced Depth Imaging Optical
Coherence Tomography. Ophthalmology 121: 257-261.

. Ron Margolis, Richard F. Spaide (2009) A Pilot Study of Enhanced Depth
Imaging Optical Coherence Tomography of the Choroid in Normal Eyes.
Am J Ophthalmol 147: 811-815.

October 2014 | Volume 9 | Issue 10 | €109683



21.

23.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

Tkuno Y, Kawaguchi K, Nouchi T, Yasuno Y (2010) Choroidal thickness in
healthy japanese subjects. Investigative ophthalmology & visual science 51:
2173-2176.

. Mansouri K, Medeiros FA, Tatham AJ, Marchase N, Weinreb RN (2014)

Evaluation of retinal and choroidal thickness by swept-source optical coherence
tomography: Repeatability and assessment of artifacts. Am J Ophthalmol 13: 1
35.

Hirata M, Tsujikawa A, Matsumoto A, Hangai M, Ooto S, et al. (2011) Macular
choroidal thickness and volume in normal subjects measured by swept-source
optical coherence tomography. Investigative ophthalmology & visual science 52:
4971-4978.

Sample PA, Girkin CA, Zangwill LM, Jain S, Racette L et al. (2009) The african
descent and glaucoma evaluation study (ADAGES): Design and baseline data.
Arch Ophthalmol 127: 1136-1145.

. Racette L, Liebmann JM, Girkin CA, Zangwill LM, Jain S, et al. (2010) African

descent and glaucoma evaluation study (ADAGES): III. Ancestry differences in
visual function in healthy eyes. Arch Ophthalmol 128: 551-559.

Medeiros FA, Zangwill LM, Bowd C, Sample PA, Weinreb RN (2005) Use of
progressive glaucomatous optic disk change as the reference standard for
evaluation of diagnostic tests in glaucoma. Am J Ophthalmol 139: 1010-1018.
Yasuno Y, Hong Y, Makita S, Yamanari M, Akiba M, et al. (2007) In vivo high-
contrast imaging of deep posterior eye by I-microm swept source optical
coherence tomography and scattering optical coherence angiography. Opt
Express 15: 6121-39.

Williams RL (2000) A note on robust variance estimation for cluster-correlated
data. Biometrics 56: 645-646.

Parikh RS, Parikh SR, Sekhar GC, Prabakaran S, Babu JG, et al. (2007) Normal
age-related decay of retinal nerve fiber layer thickness. Ophthalmology 114:
921-926.

Alasil T, Wang K, Keane PA, Lee H, Baniasadi N, et al. (2013) Analysis of
normal retinal nerve fiber layer thickness by age, sex, and race using spectral
domain optical coherence tomography. J Glaucoma 22: 532-541.

Cheung CY, Chen D, Wong TY, Tham YC, Wu R, et al. (2011) Determinants
of quantitative optic nerve measurements using spectral domain optical
coherence tomography in a population-based sample of non-glaucomatous
subjects. Investigative ophthalmology & visual science 52: 9629-9635.

Knight O], Girkin CA, Budenz DL, Durbin MK, Feuer W] (2012) Cirrus OCT
Normative Database Study Group. Effect of race, age, and axial length on optic
nerve head parameters and retinal nerve fiber layer thickness measured by cirrus
HD-OCT. Arch Ophthalmol 130: 312-318.

Mwanza JC, Sayyad FE, Budenz DL (2012) Choroidal thickness in unilateral
advanced glaucoma. Investigative ophthalmology & visual science 53: 6695
6701.

Fénolland JR, Giraud JM, May F, Mouinga A, Seck S, et al. (2011) Enhanced
depth imaging of the choroid in open-angle glaucoma: A preliminary study. J Fr

Ophtalmol 34: 313-317.

. Roberts KF, Artes PH, O’Leary N, Reis AS, Sharpe GP, et al. (2012)

Peripapillary choroidal thickness in healthy controls and patients with focal,
diffuse, and sclerotic glaucomatous optic disc damage. Arch Ophthalmol 130:
980-986.

Hirooka K, Fujiwara A, Shiragami C, Baba T, Shiraga F (2012) Relationship
between progression of visual field damage and choroidal thickness in eyes with
normal-tension glaucoma. Clin Experiment Ophthalmol 40: 576-82.

Ehrlich JR, Peterson J, Parlitsis G, Kay KY, Kiss S, et al. (2011) Peripapillary
choroidal thickness in glaucoma measured with optical coherence tomography.
Exp Eye Res 2011;92: 189-194.

PLOS ONE | www.plosone.org

12

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Assessment of Choroidal Thickness Using Swept Source OCT

. Li L, Bian A, Zhou Q, Mao ] (2013) Peripapillary choroidal thickness in both

eyes of glaucoma patients with unilateral visual field loss. Am J Ophthalmol 156:
1277-1284.

Manjunath V, Taha M, Fujimoto JG, Duker JS (2010) Choroidal thickness in
normal eyes measured using cirrus HD optical coherence tomography.
Am ] Ophthalmol 150: 325-329.cl.

Matsuo Y, Sakamoto T, Yamashita T, Tomita M, Shirasawa M, et al. (2013)
Comparisons of choroidal thickness of normal eyes obtained by two different
spectral-domain OCT instruments and one swept-source OCT instrument.
Investigative ophthalmology & visual science 54: 7630-7636.

Park HY, Shin HY, Park CK (2014) Imaging the posterior segment of the eye
using swept-source optical coherence tomography in myopic glaucoma eyes:
Comparison with enhanced-depth imaging. Am J Ophthalmol 157: 550-557.
Esmaceelpour M, Povazay B, Hermann B, Hofer B, Kajic V, et al. (2010) Three-
dimensional 1060-nm OCT: Choroidal thickness maps in normal subjects and
improved posterior segment visualization in cataract patients. Investigative
ophthalmology & visual science 51: 5260-5266.

Fujiwara T, Imamura Y, Margolis R, Slakter JS, Spaide RF (2009) Enhanced
depth imaging optical coherence tomography of the choroid in highly myopic
eyes. Am J Ophthalmol 148: 445-450.

Ikuno Y, Tano Y (2009) Retinal and choroidal biometry in highly myopic eyes
with spectral-domain optical coherence tomography. Investigative ophthalmol-
ogy & visual science 50: 3876-3880.

. Fujiwara A, Shiragami C, Shirakata Y, Manabe S, Izumibata S, et al. (2012)

Enhanced depth imaging spectral-domain optical coherence tomography of
subfoveal choroidal thickness in normal japanese eyes. Jpn J Ophthalmol 56:
230-235.

Cristini G, Cennamo G, Daponte P (1991) Choroidal thickness in primary
glaucoma. Ophthalmologica 202: 81-85.

Usui S, Tkuno Y, Uematsu S, Morimoto Y, Yasuno Y, et al. (2013) Changes in
axial length and choroidal thickness after intraocular pressure reduction
resulting from trabeculectomy. Clin Ophthalmol 7: 1155-1161.

Wang W, Zhou M, Huang W, Chen S, Ding X, et al. (2013) Does acute primary
angle-closure cause an increased choroidal thickness? Investigative ophthalmol-
ogy & visual science 54: 3538-3545.

Mansouri K, Medeiros FA, Marchase N, Tatham AJ, Auerbach D, et al. (2013)
Assessment of choroidal thickness and volume during the water drinking test by
swept-source optical coherence tomography. Ophthalmology 120: 2508-2516.

Hata M, Hirose F, Oishi A, Hirami Y, Kurimoto Y (2012) Changes in choroidal
thickness and optical axial length accompanying intraocular pressure increase.
Jpn J Ophthalmol 56: 564-568.

Kiel JW, Van Heuven WA (1995) Ocular perfusion pressure and choroidal
blood flow in the rabbit. Investigative ophthalmology & visual science 36: 579—
85.

Grunwald JE, Piltz J, Hariprasad SM, DuPont J (1998) Optic nerve and
choroidal circulation in glaucoma. Investigative ophthalmology & visual science
39: 2329-2336.

Weinreb RN, Harris A (2009) Ocular blood flow in glaucoma. Amsterdam: the
Netherlands: Kugler Publications. 155159 p.

Galassi F, Sodi A, Ucci F, Renieri G, Pieri B, et al. (2003) Ocular hemodynamics
and glaucoma prognosis: A color doppler imaging study. Arch Ophthalmol 121:
1711-1715.

. Nicolela MT, Hnik P, Drance SM (1996) Scanning laser doppler flowmeter

study of retinal and optic disk blood flow in glaucomatous patients.

Am J Ophthalmol 122: 775-783.

October 2014 | Volume 9 | Issue 10 | €109683





