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Abstract

Purpose To measure the inter- and intraobserver
repeatability and reproducibility of choroidal thick-
ness measurements taken by the enhanced depth
imaging of spectral-domain optical coherence tomog-
raphy (EDI-OCT) in randomly selected subjects using
two different protocols.

Methods Twenty subjects of the Thessaloniki Eye
Study database were randomly selected. The partici-
pants underwent EDI-OCT, and the choroidal thick-
ness was measured on EDI images using two different
protocols. All images were assessed by two examiners
independently in two sessions in different days.
Results The interobserver intraclass correlation
coefficient (ICC) for average choroidal thickness
was 0.944. The average ICC for central, Cmin, and
Cmax choroidal thickness was 0.899, 0.863, and
0.955, respectively. The interobserver ICC for average
choroidal volume was 0.932. Intraobserver repeata-
bility ICC for grader 1 ranged between 0.925 and
0.9720 and for grader 2 between 0.913 and 0.994.
Conclusion Choroidal thickness measurements by
EDI-OCT showed a high inter- and intraobserver
reproducibility.
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Introduction

The choroid is a highly vascularized structure between
the lamina fusca of the sclera and the retinal pigment
epithelium. It is composed of the choriocapillaris, the
basal membrane of which forms the outer part of
Bruch’s membrane; the middle layer of medium-sized
vessels (Sattler’s layer) and the outer layer of large
vessels (Haller’s layer); and melanocytes interjected
between the vessels of Sattler’s layer and Haller’s
layer [1], fibroblasts, resident immunocompetent cells,
and supporting collagenous and elastic connective
tissue [2]. The choroid plays an important role in
providing nutrition and oxygen to the outer layers of
the retina. It is a primal site of involvement in various
chorioretinal diseases such as central serous chori-
oretinopathy (CSCR) [3, 4], polypoidal choroidal
vasculopathy (PCV) [5-8], age-related macular
degeneration (AMD) [5, 6, 8-10], Vogt—Koyanagi—
Harada (VKH) [11-13], high myopia [14], white dot
syndromes [15], and other chorioretinal disorders. The
evaluation of the choroid would be helpful to under-
stand the pathophysiology, diagnosis, and manage-
ment of these chorioretinal disorders. Thickness
measurements have been taken by various studies,
but only in selected, commonly subfoveal, points of
the macula. Measurements taken at various multiple
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single points could be misleading in the overall
evaluation of choroidal involvement. Volumetric
analysis of the choroid in chorioretinal diseases could
be helpful in evaluating the disease course and
response to treatment.

Previous studies using various SD-OCT instru-
ments have shown high reproducibility of manual
choroidal thickness measurements [16-21]. These
studies focus either on healthy subjects [19, 21-24],
or on a specific retinal disorder, such as RAP [5, 8, 10],
AMD [5, 8, 10, 25, 26], uveitis [27], and diabetes
[16, 17, 28]. There is limited evidence regarding
choroidal thickness measurements in randomly
selected subjects with or without choroidal pathology
[20].

Recently, automated choroidal segmentation has
been introduced [29-37]. Although automated seg-
mentation represents a step forward, the results of
these new attempts fail to clearly establish superiority
over manual segmentation. Researchers vary in terms
of mean wavelengths used in SD-OCT acquisition.
Further, some scans are obtained from young healthy
subjects, some from diseased subjects [29, 31, 32],
some from adult, and some from pediatric subjects
[34]. Moreover, some scans are taken only near the
foveal cross section [30, 31], rather than at various
locations over a wide range. In addition, a variety of
evaluation criteria, including correlation coefficient
(CO) [29], Dice coefficient (DC) [30, 31, 34], mean
border position difference (MBPD) [29, 33], and mean
absolute difference (MAD) [34], have been used.
Also, the image quality and subjective complexity
appear to differ among various datasets.

This study describes two techniques of manual
choroidal segmentation using EDI-OCT Spectralis
OCT to obtain choroidal volume and thickness
measurements and aims to assess reproducibility and
repeatability of these techniques. Our study includes
randomly selected subjects from the remaining cohort
of the Thessaloniki Eye Study [38], regardless of the
presence of choroidal pathology. Thus, our study aims
at determining the reproducibility of the above
techniques in a population-based setting which would
eventually allow the use of these specific techniques in
such a research environment involving randomly
selected subjects from the general population.
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Materials and methods

For this prospective study, 20 eyes of 20 patients (10
males and 10 females) were randomly selected and
included from the Thessaloniki Eye Study database.
Written informed consent for diagnostic procedures
was obtained from each subject before examination.
All OCT scans were performed by a single experi-
enced specialist (AM), following pupil dilation with
tropicamide 0.5% and phenylephrine 5%. The mea-
surements were taken using the Heidelberg Eye
Explorer software (version 6.0.12.0; Heidelberg Engi-
neering Co, Heidelberg, Germany). Spectralis OCT
produces up to 40,000 A-scans/sec with a depth
resolution of 7 Im in tissue and a transversal resolution
of 14 Im by using a superluminescence diode with an
870-nm bandwidth. Two experienced observers (AM
and ND) analyzed all scans independently and in two
sessions in different days to assess inter- and intraob-
server reproducibility.

Choroidal volume imaging protocol

The below image acquisition process and quality
criteria were used in all Thessaloniki Eye Study
participants. Subjects underwent a single-scan session
consisting of a 19-line horizontal raster scan (9 mm
length) with 1024 A-scans, 240 um apart, covering a
30° x 15° area, centered on the fovea. All macular
B-scans were acquired in a continuous, automated
sequence and were obtained with the automated real-
time feature enabled and set to 25 frames. The
automated Spectralis segmentation algorithm deter-
mines the inner retinal boundary at the inner limiting
membrane (ILM) and the outer retinal boundary at the
location of Bruch’s membrane (BM).

Inclusion criteria were as follows: a) raster image
quality > 15, b) raster cube centered on the fovea, and
¢) in cases where automated retinal boundary error
was detected (misplacement of ILM line or misplace-
ment of BM line), manual retinal boundary correction
was performed. Significant automated boundary
detection error is defined as the misplacement of
either of these boundaries continually over a section of
scanned retina of 1 mm or greater. Scans were
evaluated manually for inner or outer retinal boundary
error detection by one experienced observer. When
there was a retinal boundary error or a retinal image
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misplacement in max 2 raster lines which could not be
manually corrected and the defected raster lines were
located in different segments of the ETDRS volume
measurement map, these raster lines were disabled and
the OCT was included [39]. Exclusion criteria were as
follows: (a) image quality < 15, (b) raster cube
centered off the fovea, and (c) three or more raster
lines with retinal boundary detection error. Among
those fulfilling the above-described criteria 20 sub-
jects were randomly selected from the Thessaloniki
database to be included to this study.

Choroidal image analysis

Two different measurement protocols were used for
choroidal segmentation.

According to the first protocol, manual choroidal
segmentation was performed following automated
retinal layer segmentation software disablement.
Masked observers displaced the built-in automated
segmentation reference lines from the retinal margins
to the choroidal margins. The ILM line was placed
onto the outer part of the hyper-reflective line,
representing the base of the retinal pigment epithe-
lium. The basement membrane line, which is the
reference line for the posterior rim of the retina, was
placed onto the posterior rim of the choroid as
delimited by the hyper-reflective margin line repre-
senting the chorioscleral interface (Fig. 1). This
method allowed us to utilize the automatic retinal

Fig. 1 First measurement protocol. EDI SD-OCT raster scan
protocol (left), standardized grid (middle) including three
concentric rings with a total of nine subfields centered on the
fovea, automated retinal segmentation (right top), and manual
choroidal segmentation (right bottom). The internal limiting

thickness map features of the built-in software. The
automated software allowed choroidal thickness cal-
culations to be made in a similar manner to that for
retinal thickness analysis. The standardized grid [40]
was placed automatically by the Spectralis OCT
software and was visualized through a software
designed to map macular thickness (Fig. 1). The
standardized grid divided the macula into three circles
diameters of 1 mm (central), 3 mm (inner), and 6 mm
(outer). We included only the central circle measure-
ments in our study. Values for central average
choroidal thickness, central, central min, central
max, and choroidal volume were noted (Fig. 2).

According to the second protocol, the horizontal
section running through the center of the fovea was
selected for analysis. Subfoveal choroidal thickness
(SFCT) was defined as the vertical distance from the
hyper-reflective line of the BM to the hyper-reflective
line of the inner surface of the sclera (Fig. 3). The
measurements were taken using the Heidelberg Eye
Explorer software [22].

Statistical analysis

Two retina specialists ND (Observer 1) and AM
(Observer 2) performed manual choroidal segmenta-
tion on choroidal raster scans of each eye on two
different sessions. They were masked as to their
previous measurements and to each other’s measure-
ments. Interobserver agreement was estimated from

membrane line (black arrows) and the basement membrane line
(white arrows) on automated retinal segmentation were dis-
placed to the base of the retinal pigment epithelium (black
arrows) and the chorioscleral interface (white arrows) to
demarcate choroidal boundaries (right bottom)
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Fig. 2 First measurement protocol. Values for central average choroidal thickness, central, central min, central max, and choroidal

volume

Fig. 3 EDI SD-OCT second measurement protocol. Line of measurement of subfoveal choroidal thickness

the first scan session. Inter- and intraobserver agree-
ment was evaluated for overall average choroidal
thickness, average central, central min, central max,
total choroidal volume (first protocol measurements),
and subfoveal choroidal thickness (second protocol
measurements). Agreement between intraobserver
and interobserver measurements was assessed using
the intraclass correlation coefficient (ICC). Bland—
Altman plots were used to evaluate the clinically
relevant magnitude of the differences between the
measurements and two observers [41]. All statistical
analyses were performed with a commercial analytical
package (SPSS statistics 21 for Windows; SPSS Inc.,
IBM, Somers, NY).

Results

This prospective study included 20 eyes of 20 subjects.
Mean age was 79.9 years (range 74-85 years), 10 men
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and 10 women. All subjects were Caucasians
(Table 1).

Looking at the first protocol figures, mean average
choroidal thickness was 199.50 pm (Observer 1) and
192.45 pm (Observer 2). Mean central choroidal
thickness was 199.70 and 199.60 um, and C,,;, and
Chax Wwere 166.80, 159.40 pm, and 229.75,
226.35 um, respectively. Mean choroidal volume
was 0.1570 mm® (grader 1) and 0.1515 mm? (grader
2). The interobserver ICC for average choroidal
thickness was 0.944 (95% confidence interval [CI]
0.859-0.978). The average ICC for central, Cy,;,, and
Chax choroidal thickness were 0.899, 0.863, and
0.955, respectively (95%CI 0.745-0.960 for central
thickness, 0.655-0.946 for C,,;,, and 0.885-0.982 for
Ciax)- The interobserver ICC for average choroidal
volume was 0.932 (95% CI between 0.829 and 0.973).

According to the second protocol, mean subfoveal
choroidal thickness was 190.85 pm (grader 1) and
190.55 ym (grader 2). ICC figure for average
choroidal thickness was 0.960 (95%CI 0.900-0.984)
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Table 1 Characteristics of included subjects

Age Eye Sex SPH CYL Axis Lens
Mean 79.9 10 OD, 10 OS 10 Males and 10 females 0.6 — 091 98.6 5 IOL, 15 phakic
SD 34 1.9 0.78 37.4

(Table 2). Bland-Altman plots of mean differences
between the two observers’ measurements are shown
in Fig. 4.

Intraobserver repeatability ICC for grader 1 (ND)
ranged between 0.925 and 0.972 and for grader 2
(AM) between 0.913 and 0.994 (Table 3). The results
for average, central, Cyin, Cinax, Volume and second
protocol ICC are depicted in detail in Table 3.

Discussion
Before the arrival of enhanced depth OCT imaging,
in vivo quantitative assessment of the choroid was not

feasible. Ultrasonography was used to assess choroidal
thickness prior to ICG angiography, despite low

Table 2 Interobserver measurements

reproducibility. ICG angiography contributed essen-
tially to the understanding of chorioretinal disease
[42], but in vivo reproducible estimation of the
choroid was still lacking. Reports have been published
regarding the reproducibility of choroidal thickness
with the use of both the enhanced depth SD-OCT and
long-wavelength OCT devices, as well as other
commercial spectral-domain non-EDI-OCT instru-
ments [11, 13, 18, 20, 43—46]. These studies reported
choroidal thickness at a small number of points, at a
single point on vertical and horizontal scans, or used a
similar to ours measurement protocol. Quantitative
estimation of overall choroidal anatomy, including
choroidal volume at the posterior pole and topographic
maps of the vascular bed, may provide better insight
into macular diseases.

N=20 Mean SD Values Intraclass 95% confidence interval
correlation
Lower Upper
bound bound

N_D_1_avg 199,50 46,003 Avg (um) Single measures 894 753 957

A_M_l1_avg 192,45 57,099 Average 944 859 978
measures

N_D_1_Cen 199,70 46,478 Central (um) Single measures 817 594 923

A_M_1_Cen 199,60 63,178 Average 899 745 960
measures

N_D_1_Cuin 166,80 40,674 Cpyin (Lm) Single measures 760 487 897

A_M_1_Cpin 159,40 46,357 Average 863 655 946
measures

N_D_1_C_max 229,75 51,836 Cix (Lm) Single measures 913 794 965

A_M_1_Cphax 226,35 68,903 Average 955 885 982
measures

N_D_1_vol 1570 03,629 Vol (mm3) Single measures 873 708 948

A_M_1_vol 1515 04,522 Average 932 829 973
measures

N_D 2 190,85 44,027 Second protocol Single measures 923 817 969

A_M_2 190,55 49,278  (Hm) Average 960 900 984
measures
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Table 3 Intraobserver
measurements

Intraclass correlation 95% confidence interval

Lower bound Upper bound

Avg

Cen

Cmin

Cmax

Vol

Second protocol

Average measures ND
Average measures AM
Average measures ND
Average measures AM
Average measures ND
Average measures AM
Average measures ND
Average measures AM
Average measures ND
Average measures AM
Average measures ND
Average measures AM

971 927 989
974 934 990
947 867 979
931 825 973
925 811 970
913 781 966
969 922 988
965 911 986
972 928 989
971 927 989
951 877 981
994 985 998

Our study found a good interobserver and intraob-
server reproducibility in the central ring (1-mm
diameter) of Early Treatment Diabetic Retinopathy
Study area. Mean SFCT is comparable to the results
reported previously. Magnolis et al. [47] included 30
healthy volunteers with a mean age of 50.4 years and

@ Springer

found SFCT to be 287 £ 76 pum. Taking the age
difference between the two study populations and a
mean SFCT decrease of 1.56 pum per year of age into
account, Magnolis measurements are in line with our
results. In a similar manner, Shao et al. [24] report a
mean SFCT of 254.6 & 107.3 pum and Ding et al. [48]
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amean of 262 £+ 88 pum, which are comparable to our
results. Other causes for SFCT measurement differ-
ences between various studies could be refractive error
variations of the study populations and ethnic globe
anatomy variations.

We report two techniques of manual choroidal
segmentation using the Spectralis OCT built-in auto-
mated retinal segmentation EDI software. EDI and
eye-tracking functions were utilized in order to
acquire good quality and reproducibility of 19
choroidal scans in the raster protocol. Image stabi-
lization with colocalization to a simultaneous infrared
scanning laser ophthalmoscope OCT imaging is
presumably one of the reasons for the high repeata-
bility that we found. We used segmentation software
primarily designed to determine retinal borders to
demarcate the choroid and obtained the choroidal
thickness measurements by using the same automated
software. To our knowledge, there are no previous
studies reporting choroidal thickness measurement
with the Spectralis OCT instrument, using two differ-
ent techniques of manual segmentation in EDI mode,
in randomly selected patients from a population-based
setting regardless of the presence of choroidal
pathology.

As it has previously been reported (20), we
observed that an average of 25 frames was adequate
to give a choroidal image with well-demarcated
borders. In most cases EDI-OCT can be used to obtain
high-quality choroidal images when measuring chor-
oidal thickness and volume, including 3D imaging.
Choroidal thickness measurement by manual segmen-
tation using EDI Spectralis OCT built-in automated
retinal segmentation software is highly reproducible
and has a very small range of variability when using
the above-described methods. Hence, the methodol-
ogy described may be used to evaluate choroidal
thickness in participants in a population-based setting.

Both choroidal segmentation measurement proto-
cols have their advantages and disadvantages. The
former is more time-consuming and has a greater
learning curve, but provides more information regard-
ing choroidal thickness. The latter is easy and fast to
use, but provides a rough estimation of the choroid at a
single point. From our experience, both protocols
beyond their use in research may have their place in
clinical practice, depending on the demand of the
patients’ needs. However, further research is needed to

translate choroidal thickness findings in clinical prac-
tice protocols.

Recently, automated choroidal segmentation has
been introduced. The majority of these studies include
children (34) or young healthy individuals [30, 35, 37].
Some have been conducted in a small number of
subjects [49]. In addition, the selected scan for
analysis passes through the center of the fovea or
close to it [30, 31, 33, 34], giving limited information
regarding choroidal pathology in some studies, while
others fail to demonstrate observer repeatability [29].
Moreover, the image quality in order to perform the
automated choroidal segmentation needs to be higher
than in manual [36]. This may consist of an important
limitation in the use of automated choroidal segmen-
tation in research involving elderly patients, as well as
in clinical practice, where the majority of our patients
are elderly with hazy media.

Our study, similar to others, yielded reliability and
high reproducibility with the manual nature of
segmentation [20, 43]. Our protocols of EDI choroidal
thickness measurements may be used in research on
elderly population since they provided highly repro-
ducible measurements despite the advanced age of the
study population.
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