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Abstract

Purpose

To evaluate the intrasession reproducibility of various thickness parameters used to diag-

nose and follow-up glaucoma, in particular circumpapillary total retinal thickness (cpTR)

provided by the RS-3000 optical coherence tomograph (OCT).

Methods

Fifty-three healthy eyes of 28 subjects underwent three consecutive imaging with the RS-

3000 Advance OCT (NIDEK, Aichi,Japan) to evaluate the intrasession reproducibility of cir-

cumpapillary total retinal thickness (cpTR), circumpapillary retinal nerve fiber layer thick-

ness (cpRNFL), macular ganglion cell complex thickness (mGCC) and macular total retina

thickness (mTR) measurements. Intraclass correlation (ICC), coefficient of variation (CV)

and reproducibility coefficient (RC) were calculated for each parameter.

Results

The ICC and CV values for mean cpTR and cpRNFL were 0.987 and 0.897, and 0.60% and

2.81%, respectively. The RC values for the mean cpTR and cpRNFL were 5.95 μm and

9.04 μm, respectively. For all cpTR parameters the ICC values were higher and both the CV

and RC values were lower than those for the corresponding cpRNFL parameters. The ICC

and CV values for superior mGCC, inferior mGCC, superior mTR and inferior mTR were

0.983, 0.980, 0.983 and 0.988, and 0.84%, 0.98%, 0.48% and 0.43%, respectively. The RC

values for superior mGCC, inferior mGCC, superior mTR and inferior mTR were 2.86 μm,

3.12 μm, 4.41μm and 4.43 μm, respectively.
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Conclusions

Intrasession reproducibility of cpTR, mGCC and mTRmeasurements made on healthy

eyes was high. Repeatability of cpTR measurements was better than that of the corre-

sponding cpRNFL measurements. These results suggest that future clinical investigations

addressing detection of glaucoma and glaucomatous progression with the RS-3000 OCT

may benefit from focusing on the cpTR parameters.

Introduction
In the last decade spectral domain optical coherence tomography (SD-OCT) gained an increas-
ing clinical importance in detecting glaucoma and glaucomatous structural progression during
long term disease management [1–7]. The several different SD-OCTs have different technical
features, including illumination wavelength, segmentation algorithm, size of the image area,
normal database, measurement precision and reproducibility [1–9]. Due to the above between-
instrument differences determination of parameters performing best for glaucoma follow-up
needs to be made for each SD-OCT instrument, respectively. For several SD-OCT instruments,
which have been in clinical use for many years, this assessment has been made [10–13], but for
some more recently introduced systems the evaluation is still needed.

The RS-3000 Advance (NIDEK, Aichi, Japan) is a relatively new SD-OCT instrument [5, 9].
Its wavelengths is 880 nm, and the instrument acquires 53,000 A scans per second with an
axial resolution of 7 μm, a lateral resolution of 20 μm, and a scan depth of 2.1 mm. The current
software of the RS-3000 OCT (software version 1.4.2.1) offers a unique function for follow-up
image capture, in order to increase the measurement reproducibility [14]. Image alignment is
based on scanning laser ophthalmoscope (SLO) images obtained immediately prior to image
capture. This eliminates the relatively long image acquisition time, which is necessary to image
capture when the automatic tracking function is used. The SLO based image alignment func-
tion is expected to considerably reduce motion artefacts via pre-acquisition tracking. The reti-
nal vessels are automatically identified on the SLO images, and are used for correct positioning
of the subsequent OCT scan. When the baseline and the subsequent SLO images are perfectly
aligned, the actual OCT scan is automatically acquired without active tracking of eye move-
ments during the acquisition procedure [15]. The software of the RS-3000automatically offers
a protocol to measure various circumpapillary total retinal (cpTR) and macular total retinal
(mTR) thickness parameters in addition to providing the corresponding circumpapillary reti-
nal nerve fiber (cpRNFL) and macular ganglion cell complex (mGCC) thickness parameters
[15].

Conventional SD-OCTs do not automatically provide data on cpTR thickness. This is prob-
ably due to the current clinical practice in which use of cpTR using is not a part of the routine.
Till now only one investigation on cpTR thickness measurements made with an SD-OCT sys-
tem was reported [16].

The purpose of our current study was to evaluate and compare the intraobserver intrases-
sion reproducibility (repeatability) of the various corresponding cpTR and cpRNFL thickness,
and mGCC and mTR thickness parameters, respectively, using the SLO based image alignment
function in normal eyes. We wished to evaluate the usefulness of the SLO-based image align-
ment technique, and to identify parameters with potential clinical usefulness for future glau-
coma diagnostic and follow-up studies.
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Subjects and Methods
This prospective cross sectional study was made on healthy Japanese participants between Feb-
ruary 2015 and April 2015 at the Kyorin Eye Center in Tokyo, Japan. The Institutional Review
Board for Human Research at the Kyorin University approved this study. The corresponding
consent form followed the tenets of the Declaration of Helsinki. Informed consent was
obtained from all participants before enrolment and written informed consent was obtained
from each participants. All applicable institutional regulations concerning the ethical use of
human volunteers were followed during this research.

All participants underwent a complete ophthalmologic examination including medical and
family history; visual acuity testing (including refraction); slit-lamp biomicroscopy; gonio-
scopy; Goldmann applanation tonometry and stereoscopic fundus examination via a dilated
pupil. The visual field (VF) was investigated with the 24–2 Swedish Interactive Threshold Algo-
rithm test of the Humphrey Field Analyser (Humphrey-Zeiss Systems, Dublin, CA). The visual
fields were considered reliable if fixation losses were<20% and both false-positive and false-
negative rates were<15%. Axial length was measured with a light interferometry (OA-1000,
TOMEY Corporation, Aichi, Japan). Non-cycloplegic refraction was determined using an auto
ref/keratometer (ARK-530; NIDEK, Aichi, Japan). Refraction data were converted to spherical
equivalents (SE), which were calculated by the additions of spherical refractive error values (in
dioptres [D]) to one-half of the cylindrical refractive power. Participants with a history of intra-
ocular surgery or ophthalmic laser procedures were not included. Furthermore, no subject with
a possible history of elevated intraocular pressure (IOP) (e.g. iridocyclitis, ocular trauma),
other intraocular eye disease, family history of glaucoma in a first degree relative, diabetes, or
any other diseases that could affect the result of the visual field testing and OCT examination
(e.g. pituitary lesions, demyelinating disease) was included. Participants were required to have
an IOP of<21 mmHg, a normal optic nerve head appearance, normal open anterior chamber
angles, normal VF test results, a best-corrected decimal visual acuity of�1.0, a spherical equiv-
alent between +1.00 and −12.00 D and a cylindrical refractive error of�3.00 D. The optic
nerve head appearance was considered normal if all of the following criteria were met: symmet-
rical vertical cup to disc (C/D) ratio of<0.7; uniform neuroretinal rim and no clinically visible
RNFL defects or optic nerve changes (e.g. diffuse or localised rim thinning, disc haemorrhage,
vertical C/D ratio>0.2 different from the fellow eye). Participants with myopic macular degen-
eration, posterior staphyloma, tilted discs, or peripapillary atrophy extending to the measure-
ment circle of the OCT were not included in the current investigation.

Optical coherence tomography
The OCT measurements were made with an RS-3000 Advance OCT (NIDEK, Aichi, Japan;
software version 1.4.2.1) [5, 9]. The RS-3000 instrument includes a confocal scanning laser
ophthalmoscope allowing fundus images to be monitored and SD-OCT equipment allowing
3D tomographic imaging. RS-3000 collects ocular microstructural images using a scanning
laser diode that emits a scan beam with a wavelength of 880 nm. The OCT equipment has a 7-
μm tissue depth resolution and 20 μm transverse resolution. Single 3D data sets are acquired in
1.6 seconds. Automated measurement of various cpRNFL, cpTR, mGCC and macular total ret-
inal (mTR) thickness parameters is provided by the built-in software. A follow-up image cap-
ture function of the RS-3000 OCT offers image alignment prior to image capture. This
function is intended to increase reproducibility of the image capture procedure [14]. The
image capture function uses retinal vessels automatically identified on the baseline SLO image
to correctly position the subsequent scan. After the two SLO images are perfectly aligned, the
new scan is automatically acquired without active tracking of eye movements during the
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acquisition procedure. In the current investigation this function was applied, and pupil dilation
was not performed. Three high-quality images were obtained by the same skilled operator (Y.
K.). Only scans with a Signal Strength Index (SSI) higher than 7 were used in analyses. The 3
OCT scans were acquired with approximately 5 minutes intervals. The participants were
required to remove their chin from the chinrest between the image acquisition sessions.

Circumpapillary OCT parameters. For cpRNFL and cpTR imaging, raster scanning over
a 6 × 6 mm2 area centered on the optic disc center was conducted at a scan density of 512 A-
scans (horizontal) × 128 B-scans (vertical) [5]. Measurements of cpRNFL and cpTR thick-
nesses were performed using a 3.45-mm-diameter circle automatically positioned around the
optic disc in each 3D data set. The cpTR thickness was measured between the internal limiting
membrane (ILM) and the outer retinal pigment epithelium (RPE). The following software
parameters were used to evaluate cpRNFL and cpTR thickness: (1) average thickness of the
entire 360° around the optic nerve head; (2) superior quadrant; (3) inferior quadrant; (4) tem-
poral quadrant; (5) nasal quadrant and (6) all 12 separate sectors. For reference purposes, sec-
tors of equal size (30.0°) were numbered in sequence from the supero-temporal side (clockwise
for left eyes and anti-clockwise for right eyes, Fig 1A).

Macular OCT parameters. For mGCC and mTR imaging, raster scanning over a 9 × 9
mm2 area centered on the foveal center was conducted at a scan density of 512 A-scans (hori-
zontal) × 128 B-scans (vertical) [5]. The mGCC thickness was measured between the ILM and
the outer boundary of the inner plexiform layer (IPL). The mTR thickness was measured
between the ILM and the outer RPE. The RS-3000 OCT provides a macular map based on the
glaucoma analysis chart (G Chart). The peripheral concentric areas are divided into eight sub-
fields: supero-temporal, infero-temporal, supero-nasal and infero-nasal for parafoveal (4.5 mm
diameter) and perifoveal (9.0 mm diameter) subfields. The 9-mm-diameter circle occasionally
overlaps the optic nerve head; therefore, we excluded nasal regions at 180° of the outer ring
(Fig 1B). Areas within a 1.5 mm diameter of the foveal center were also excluded.

Statistical Analyses
All statistical analyses were performed using SPSS statistical software (version 19.0, SPSS Inc.,
Chicago, IL). The normality of distribution of the study sample was assessed with the Shapiro–
Wilk test. Descriptive statistics are presented as means ± standard deviations for normally dis-
tributed variables and medians and inter-quartile ranges for non-normally distributed vari-
ables. Intrasession reproducibility was evaluated by calculating corresponding intraclass
correlation (ICC), coefficient of variation (CV) values and reproducibility coefficient (RC). RC
was defined as 2.77 times the intrasession within-subject standard deviation (Sw). Sw was cal-
culated as the square root of the within-subject mean square of error (the unbiased estimator
of the component of variance resulting from random error) in a 1-way random effects model
[17–19].

Results
Sixty normal eyes of 30 subjects were included in this study. Seven eyes were excluded because
of poor OCT image quality. Four of the seven eyes had an SSI<7, and three eyes had segmen-
tation errors. Fifty-three eyes of 28 subjects were analysed. Patient characteristics are summa-
rised in Table 1.

The mean and standard deviation values, and the intrasession ICC, intrasession CV values
and the RC values are shown for all tested parameters in Tables 2 and 3, respectively. The
results on cpTR thickness and cpRNFL thickness are given in Table 2. Table 2 shows that the
intrasession ICC values varied between 0.715 (Sector 11) and 0.926 (Sector 4) for cpRNFL
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thickness. The intrasession CV was 2.81% for global cpRNFL thickness. The CV values deter-
mined for the 12 cpRNFL sectors varied between 5.97% (Sector 5: location, infero-temporal)
and 13.98% (Sector 9: location, nasal). For cpTR thickness the intrasession ICC values varied
between 0.908 (Sector 8) and 0.986 (global). The intrasession CV was 0.60% for global cpTR
thickness. The CV values of the 12 cpTR sectors ranged between 0.86% (Sector 3) and 1.88%
(Sector 7). The RC values for the global cpRNFL and cpTR were 9.04 μm and 5.95 μm, respec-
tively. For all cpTR parameters the ICC values were higher, and both the CV and RC values
were lower than those for the corresponding cpRNFL parameters.

The results on mTR thickness and mGCC thickness are given in Table 3. Table 3 shows that
the intrasession ICC varied between 0.949 (Sector 4) and 0.983 (Superior) for mGCC thickness.
The CV values for superior and inferior mGCC thickness were 0.84% and 0.98%, respectively.
The RC values for superior and inferior mGCC were 2.86 μm and 3.12 μm, respectively. For
mTR thickness the intrasession ICC values varied between 0.964 (Sector 4) and 0.985 (Sector
1). Excellent (generally defined as 0.75–1.00) ICC values were found for all sector mGCC and
sector mTR parameters. The CV values for the superior and inferior mTR thickness were

Fig 1. Sectors of the circumpapillary area (A) and the macula area (B) used for analysis in the current investigation. The nasal part of the outer ring at
180 degrees within macula area was excluded from the analysis.

doi:10.1371/journal.pone.0144721.g001

Table 1. Characteristics of the study participants.

Age (years; median (IQR)) 33.0 (11)

IOP (mmHg; mean ± SD) 14.7 ± 1.89

Spherical Equivalent (D; mean ± SD) −3.69 ± 3.43

Axial length (mm; mean ± SD) 25.07± 1.48

MD (dB; mean ± SD) −0.18 ± 1.04

PSD (dB; mean ± SD) 1.31 ± 0.20

IQR = inter quartile range, D = diopter, IOP = intraocular pressure, MD = mean deviation, PSD = pattern

standard deviation

doi:10.1371/journal.pone.0144721.t001
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0.48% and 0.43%, respectively. The RC values for superior and inferior mTR were 4.41 μm and
4.43 μm, respectively.

Discussion
In the current investigation we analysed and compared the short term reproducibility (repeat-
ability) of various corresponding cpRNFL thickness and cp TR thickness; and mGCC thickness
and mTR thickness parameters in healthy eyes, respectively. To our best knowledge this is the

Table 2. Intraobserver reproducibility of cpRNFL thickness (μm) and cpTR thickness (μm).

cpRNFL cpTR

Mean ± SD ICC (95% CI) CV (%) RC (μm) Mean ± SD ICC (95% CI) CV (%) RC (μm)

Global 102.53±9.63 0.897 (0.844–0.936) 2.81 9.04 315.93±17.93 0.986 (0.978–0.991) 0.60 5.95

Temporal 77.02±16.27 0.895 (0.841–0.934) 5.96 15.68 309.19±20.45 0.984 (0.975–0.990) 0.70 7.17

Superior 129.08±15.97 0.858 (0.787–0.910) 4.37 17.57 333.09±19.96 0.964 (0.943–0.978) 1.00 10.90

Nasal 72.09±14.14 0.741 (0.629–0.830) 8.82 19.70 284.34±16.28 0.937 (0.899–0.959) 1.30 12.30

Inferior 128.66±16.35 0.887 (0.829–0.929) 4.21 17.84 327.11±22.20 0.959 (0.937–0.975) 1.09 13.89

1 143.85±23.55 0.814 (0.727–0.881) 6.27 31.75 342.74±24.96 0.967 (0.948–0.979) 1.14 12.43

2 90.28±20.44 0.873 (0809–0.920) 6.75 21.18 314.45±23.74 0.973 (0.958–0.983) 1.03 10.87

3 59.28±12.07 0.809 (0.720–0.877) 7.08 15.56 293.19±20.66 0.978 (0.966–0.986) 0.86 8.41

4 78.00±23.29 0.926 (0.886–0.954) 7.19 18.59 306.04±20.69 0.959 (0.937–0.975) 1.15 11.99

5 146.53±23.11 0.817 (0.730–0.882) 5.97 28.96 342.30±22.20 0.948 (0.919–0.968) 1.26 14.55

6 131.62±28.47 0.903 (0.853–0.939) 6.03 28.60 324.26±29.05 0.945 (0.915–0.966) 1.63 19.25

7 101.15±22.21 0.846 (0.771–0.902) 8.00 26.71 298.93±23.77 0.913 (0.86.7–0.946) 1.88 21.06

8 69.40±14.48 0.669 (0.538–0.779) 11.92 24.98 276.57±16.53 0.908 (0.861–0.943) 1.57 14.88

9 58.92±14.73 0.652 (0.517–0.767) 13.98 23.64 269.94±17.01 0.938 (0.905–0.962) 1.32 11.71

10 84.68±21.14 0.760 (0.654–0.844) 10.62 29.50 293.09±19.48 0.914 (0.968–0.946) 1.60 17.20

11 113.34±24.74 0.715 (0.596–0.812) 8.20 36.05 314.45±19.42 0.914 (0.869–0.946) 1.54 16.60

12 122.38±28.43 0.895 (0.841–0.934) 7.23 26.43 326.17±24.83 0.945 (0.915–0.966) 1.58 16.32

CI = confidence interval, cpRNFL = circumpapillary retinal nerve fiber layer, cpTR = circumpapillary total retina, ICC = intraclass correlation,

CV = coefficient of variation, RC = reproducibility coefficient

doi:10.1371/journal.pone.0144721.t002

Table 3. Intraobserver reproducibility of mGCC thickness (μm) andmTR thickness (μm).

mGCC mTR

Mean ± SD ICC(95% CI) CV (%) RC (μm) Mean ± SD ICC (95% CI) CV (%) RC (μm)

Superior 98.08±7.88 0.983 (0.974–0.990) 0.84 2.86 290.17±12.19 0.983 (0.973–0.990) 0.48 4.41

Inferior 98.57±7.64 0.980 (0.968–0.988) 0.98 3.12 285.68±13.33 0.983 (0.973–0.990) 0.43 4.43

1 121.32±8.81 0.979 (0.968–0.987) 0.86 3.45 336.09±14.83 0.985 (0.976–0.991) 0.48 5.04

2 118.57±8.01 0.979 (0.967–0.987) 0.78 3.14 327.55±15.05 0.979 (0.967–0.987) 0.55 5.91

3 108.59±8.62 0.954 (0.929–0.972) 1.32 2.98 320.94±12.87 0.967 (0.948–0.979) 0.63 3.95

4 109.51±7.86 0.949 (0.922–0.969) 1.33 4.95 318.25±13.88 0.964 (0.945–0.978) 0.70 6.55

5 72.28±6.79 0.975 (0.961–0.985) 1.24 4.88 255.74±10.45 0.981 (0.971–0.989) 0.50 7.27

6 74.11±6.99 0.970 (0.954–0.982) 1.36 3.70 251.08±11.59 0.974 (0.960–0.984) 0.63 5.61

CI = confidence interval, mGCC = macular ganglion cell complex, mTR = macular total retina, ICC = intraclass correlation, CV = coefficient of variation,

RC = reproducibility coefficient

doi:10.1371/journal.pone.0144721.t003
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first OCT study to access the reproducibility of cpTR measurements. The goal of the current
investigation was twofold: 1) to identify the most reproducible parameters of the circumpapil-
lary and macular RS-3000 OCT scans for future glaucoma studies, since highly reproducible
parameters have a potential to be particularly sensitive to glaucomatous change and progres-
sion; 2) to investigate the clinical value of the SLO based image alignment function offered in
the RS-3000 OCT without eye tracking.

The background of our investigation was that very recently favourable data on the diagnos-
tic ability of cpTR thickness were published [16]. Simaviliet al. reported that cpTR thickness
measured with the Spectralis OCT had similar or better diagnostic accuracy for glaucoma than
cpRNFL thickness measured with the same OCT system [16]. For cpTR no segmentation error
was observed in the assessment of scans for 156 eyes. In addition, the authors reported that
obtaining accurate cpRNFL thickness measurements is more difficult in glaucoma than in
healthy eyes due to RNFL thinning and loss of RNFL reflectivity. When RNFL reflectivity is
decreased due to moderate and severe glaucoma the segmentation algorithms may fail to cor-
rectly detect the posterior RNFL border in all pixels, which may decrease the reproducibility
[16]. In contrast, reflectivity of the retinal pigment epithelium/Bruch’s membrane complex,
which represents the outer border of cpTR, remains unaltered in glaucoma; and it has been
shown that macular outer retinal thickness is in fact not influenced by glaucoma [20–22]. The
TR thickness parameters comprise both the inner retinal thickness values (which are influ-
enced by glaucoma) and the outer retinal thickness values (which are not influenced in glau-
coma). Thus, clinical value of cpTR and mTR has a potential to exceed that of the extensively
used inner retinal thickness parameters (cpRNFL thickness and mGCC thickness) in glaucoma
detection and follow-up if cpTR and mTR are more reproducible than the corresponding inner
retinal parameters.

Our results showed that ICC for the various cpTR thickness parameters was high up to
0.986 for global cpTR, and all ICC values were higher than those for the corresponding
cpRNFL thickness values. In a recent investigation made on healthy eyes the RC of average
cpRNFL thickness measured with the Cirrus HD-OCT was 5.12 μm [19]. In the current investi-
gation, the RC for global cpRNFL was 9.04 μm, but for global cpTR it was 5.95 μm. RCs for all
cpTR thickness parameters were lower than for the corresponding cpRNFL parameters. The
CV for global cpTR was only 0.60%. Our CV values for the cpTR parameters were even lower
than those reported by others for cpRNFL parameters measured with other OCT systems [23–
27]. In our study the CV values for the various cpRNFL thickness parameters were 4 to 10
times higher than for the corresponding cpTR parameters.

For the macular area the differences in reproducibility were less extensive than for the cir-
cumpapillary area. The ICC and CV values were similarly favourable for the corresponding
mGCC and mTR thickness measurements. No mTR parameter had a CV value higher than
0.70%, and the CV values for the superior and inferior mTR were only 0.48% and 0.43%,
respectively. Our results confirm the recently published reproducibility data by Giani et al.,
who reported a high rate of reproducibility for macular retina thickness measurements with
the RS-3000 [14]. In a recently published study RC determined with the Cirrus-HD OCT for
macular ganglion cell-inner plexiform layer thickness of healthy eyes was 1.88 μm [28]. In the
current investigation it was approximately 3.0 μm for mGCC thickness and approximately
4.4 μm for mTR thickness. Since mTR thickness is higher than mGCC thickness the higher RC
value for mTR was expected.

The results of our investigation suggest that the various TR thickness parameters of the RS-
3000 OCT are in fact highly reproducible, and therefore may potentially be investigated for
glaucoma diagnostic accuracy and accuracy in detection of glaucomatous progression. At the
same time our results and the previously published results obtained with another OCT system
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[11] suggest that the benefits found in the current study for the TR thickness parameters may
represent a general feature, and therefore their evaluation in various OCT systems is proposed.

Our study made it also possible to evaluate the SLO based image alignment function of the
RS-3000 OCT. Though the repeatability figures for the various TR thickness parameters were
highly satisfactory, the corresponding figures for cpRNFL thickness were relatively low, even
when compared to published results obtained with other OCT systems [23, 25, 29]. Since the
same images were used to calculate the CV and ICC values for all parameters including those
which were highly reproducible, we think that the image alignment function used by us is clini-
cally useful, and cannot be considered as the reason of the lower repeatability of the cpRNFL
thickness parameters compared to cpTR thickness. It has been suggested that retinal vessels in
the RNFL may cause measurement noise and artefacts in B scan images, which affect the RNFL
thickness measurements, particularly in the circumpapillary area where the vessels are large
[30]. This effect, however, is present in all OCT systems. Thus our less favourable repeatability
figures for cpRNFL thickness cannot be explained with the general aspects of the vessel related
noise. However we used an SLO based image alignment function which was not used in the
repeatability studies published for other OCT systems. Though the details of the image align-
ment software are not available for the users, one may speculate that the vessel based alignment
had a negative influence on the vessel induced measurement noise (Fig 2).

Our study has limitations. The sample size was relatively small, all eyes were non-glaucoma-
tous healthy eyes, and all participants were Japanese. Therefore no direct conclusion from our
results can be made for glaucoma patients and other ethnic groups. In the current pilot study
we did not include a glaucoma group with a wide range of disease severity, since we wished to
clarify those circumpapillary and macular parameters which seem to be most useful for our
future glaucoma diagnostic studies.

In conclusion, in this repeatability study made on healthy Japanese eyes all global, quadrant
and sector cpTR parameters showed excellent intrasession reproducibility, which was better
than that found for the corresponding cpRNFL thickness parameters. As far as we know this is
the first evaluation of repeatability of cpTR. A favourable repeatability was also found for the
mTR parameters. Our results suggest that the cpTR and mTR parameters are of potential clini-
cal usefulness both for glaucoma diagnostics and detection of glaucomatous structural

Fig 2. An optical coherence tomography image of the peripapillary retina made with the RS-3000 instrument, and its position on the fundus (A).
The signals arriving from retinal layers beneath the main retinal vessels are attenuated due to light absorption by the overlying vessels (B). The
locations of this shadow effect are indicated with arrows.

doi:10.1371/journal.pone.0144721.g002
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progression. To evaluate accuracy of these parameters to detect glaucoma and progression of
glaucoma further clinical studies are needed.

Acknowledgments
The authors wish to thank Prof. Chiaki Nishimura for the statistical analysis of the data.

Author Contributions
Conceived and designed the experiments: YK. Performed the experiments: YK RK DH. Ana-
lyzed the data: YK GH. Contributed reagents/materials/analysis tools: YK GHMI AH. Wrote
the paper: YK GH RK.

References
1. Kim NR, Kim JH, Lee J, Lee ES, Seong GJ, Kim CY (2011) Determinants of perimacular inner retinal

layer thickness in normal eyes measured by fourier-domain optical coherence tomography. Invest
Ophthalmol Vis Sci 52: 3413–3418. doi: 10.1167/iovs.10-6648 PMID: 21357406

2. Akashi A, Kanamori A, Nakamura M, Fujihara M, Yamada Y, Negi A (2013) The Ability of Macular
Parameters and Circumpapillary Retinal Nerve Fiber Layer by Three SD-OCT Instruments to Diagnose
Highly Myopic Glaucoma. Invest Ophthalmol Vis Sci 54: 6025–6032 doi: 10.1167/iovs.13-12630
PMID: 23908182

3. Kita Y, Kita R, Nitta A, Nishimura C, Tomita G (2011) Glaucomatous eye macular ganglion cell complex
thickness and its relation to temporal circumpapillary retinal nerve fiber layer thickness. Jpn J Ophthal-
mol 55: 228–234. doi: 10.1007/s10384-011-0017-3 PMID: 21538002

4. Seong M, Sung KR, Choi EH, Kang SY, Cho JW, Um TW, et al (2010) Macular and peripapillary retinal
nerve fiber layer measurements by spectral domain optical coherence tomography in normal-tension
glaucoma. Invest Ophthalmol Vis Sci 51: 1446–1452. doi: 10.1167/iovs.09-4258 PMID: 19834029

5. Morooka S, Hangai M, Nukada M, Nakano N, Takayama K, Kimura Y, et al (2012) Wide 3-dimensional
macular ganglion cell complex imaging with spectral-domain optical coherence tomography in glau-
coma. Invest Ophthalmol Vis Sci 53: 4805–4812. doi: 10.1167/iovs.12-9870 PMID: 22695956

6. Kim NR, Lee ES, Seong GJ, Kim JH, An HG, Kim CY (2010) Structure-function relationship and diag-
nostic value of macular ganglion cell complex measurement using Fourier-domain OCT in glaucoma.
Invest Ophthalmol Vis Sci 51: 4646–4651. doi: 10.1167/iovs.09-5053 PMID: 20435603

7. Leite MT, Rao HL, Zangwill LM, Weinreb RN, Medeiros FA (2011) Comparison of the diagnostic accu-
racies of the Spectralis, Cirrus, and RTVue optical coherence tomography devices in glaucoma. Oph-
thalmology 118: 1334–1339. doi: 10.1016/j.ophtha.2010.11.029 PMID: 21377735

8. Pierro L, Gagliardi M, Iuliano L, Ambrosi A, Bandello F (2011) Retinal nerve fiber layer thickness repro-
ducibility using seven different OCT instruments. Invest Ophthalmol Vis Sci 53: 5912–5920

9. Nakanishi H, Akagi T, Hangai M, Kimura Y, Suda K, Kumagai K, et al. Sensitivity and specificity for
detecting early glaucoma in eyes with high myopia from normative database of macular ganglion cell
complex thickness obtained from normal non-myopic or highly myopic Asian eyes. Graefes Arch Clin
Ophthalmol. doi: 10.1007/s00417-015-3026-y

10. Na JH, Sung KR, Baek S, Kim YJ, Durbin MK, Lee HJ, et al (2012) Detection of glaucoma progression
by assessment of segmented macular thickness data obtained using spectral domain optical coher-
ence tomography. Invest Ophthalmol Vis Sci 53: 3817–3826. doi: 10.1167/iovs.11-9369 PMID:
22562510

11. Lee KS, Lee JR, Na JH, Kook MS (2013) Usefulness of macular thickness derived from spectral-
domain optical coherence tomography in the detection of glaucoma progression. Invest Ophthalmol Vis
Sci 54: 1941–1949. doi: 10.1167/iovs.12-11160 PMID: 23422822

12. Naghizadeh F, Garas A, Holló G (2014) Detection of early glaucomatous progression with different
parameters of RTVue optical coherence tomograph. J Glaucoma 23: 195–198. doi: 10.1097/IJG.
0b013e31826a9707 PMID: 22922666

13. Tenkumo K, Hirooka K, Baba T, Nitta E, Sato S, Shiraga F (2013) Evaluation of relationship between
retinal nerve fiber layer thickness progression and visual field progression in patients with glaucoma.
Jpn J Ophthalmol 57: 451–456. doi: 10.1007/s10384-013-0254-8 PMID: 23797700

14. Ginai A, Pellegrini M, Invernizzi A, Cigada M, Staurenghi G (2012) Aligning scan locations from conse-
cutive spectral-domain optical coherence tomography examinations: A comparison among different
strategies. Invest Ophthalmol Vis Sci 53: 7637–7643. doi: 10.1167/iovs.12-10047 PMID: 23099494

Reproducibility of Circumpapillary Total Retina

PLOS ONE | DOI:10.1371/journal.pone.0144721 December 14, 2015 9 / 10

http://dx.doi.org/10.1167/iovs.10-6648
http://www.ncbi.nlm.nih.gov/pubmed/21357406
http://dx.doi.org/10.1167/iovs.13-12630
http://www.ncbi.nlm.nih.gov/pubmed/23908182
http://dx.doi.org/10.1007/s10384-011-0017-3
http://www.ncbi.nlm.nih.gov/pubmed/21538002
http://dx.doi.org/10.1167/iovs.09-4258
http://www.ncbi.nlm.nih.gov/pubmed/19834029
http://dx.doi.org/10.1167/iovs.12-9870
http://www.ncbi.nlm.nih.gov/pubmed/22695956
http://dx.doi.org/10.1167/iovs.09-5053
http://www.ncbi.nlm.nih.gov/pubmed/20435603
http://dx.doi.org/10.1016/j.ophtha.2010.11.029
http://www.ncbi.nlm.nih.gov/pubmed/21377735
http://dx.doi.org/10.1007/s00417-015-3026-y
http://dx.doi.org/10.1167/iovs.11-9369
http://www.ncbi.nlm.nih.gov/pubmed/22562510
http://dx.doi.org/10.1167/iovs.12-11160
http://www.ncbi.nlm.nih.gov/pubmed/23422822
http://dx.doi.org/10.1097/IJG.0b013e31826a9707
http://dx.doi.org/10.1097/IJG.0b013e31826a9707
http://www.ncbi.nlm.nih.gov/pubmed/22922666
http://dx.doi.org/10.1007/s10384-013-0254-8
http://www.ncbi.nlm.nih.gov/pubmed/23797700
http://dx.doi.org/10.1167/iovs.12-10047
http://www.ncbi.nlm.nih.gov/pubmed/23099494


15. NAVIS-EX user’s manual. NIDEK, Aichi, 2015; 345–346, 455–458.

16. Simavli H, Que CJ, AkdumanM, Rizzo JL, Tsikata E, et al (2015) Diagnostic capability of peripapillary
retinal thickness in glaucoma using 3D volume scans. Am J Ophthlamol 159: 545–556.

17. Bland JM, Altman DG (1986) Measurement error. BMJ 313: 744.

18. Weinreb R, Kaufman PL (2011) Glaucoma research community and FDA look to the future, II: NEI/FDA
glaucoma clinical trial design and endpoints symposium: measures of structural change and visual
function. Invest Ophthalmol Vis Sci 52: 7842–7851. doi: 10.1167/iovs.11-7895 PMID: 21972262

19. Leung CK, Cheung CY, Weinreb RN, Qie Q, Liu S, Li H, et al (2009) Retinal nerve fiber layer imaging
with spectral-domain optical coherence tomography: a variability and diagnostic performance study.
Ophthalmology 116: 1257–1263. doi: 10.1016/j.ophtha.2009.04.013 PMID: 19464061

20. Kita Y, Kita R, Takeyama A, Takagi S, Nishimura C, Tomita G (2013) Ability of optical coherence
tomography-determined ganglion cell complex thickness to total retinal thickness ratio to diagnose
glaucoma. J Glaucoma 22: 757–762. doi: 10.1097/IJG.0b013e31825af58a PMID: 22668980

21. Kita Y, Kita R, Takeyama A, Anraku A, Tomita G, Goldberg I (2013) Relationship between macular gan-
glion cell complex thickness and macular outer retinal thickness: a spectral-domain optical coherence
tomography study. Clin Experiment Ophthalmol 41:674–682. doi: 10.1111/ceo.12089 PMID:
23433351

22. Vajaranant TS, Anderson RJ, Zelkha R, Zhang C, Wilensky JT, Edward DP (2011) The relationship
between macular cell layer thickness and visual function in different stages of glaucoma. Eye 25: 612–
618. doi: 10.1038/eye.2011.17 PMID: 21350568

23. Garas A, Vargha P, Holló G (2010) Reproducibility of retinal nerve fiber layer and macular thickness
measurement with the RTVue-100 optical coherence tomograph. Ophthalmology 117: 738–746. doi:
10.1016/j.ophtha.2009.08.039 PMID: 20079538

24. Hirasawa H, Araie M, Tomidokoro A, Saito H, Iwase A, Ohkubo S, et al (2013) Reproducibility of thick-
ness measurements of macular inner retinal layers using SD-OCT with or without correction of ocular
rotation. Invest Ophthalmol Vis Sci 54: 2562–2570. doi: 10.1167/iovs.12-10552 PMID: 23493298

25. Mwanza JC, Chang RT, Budenz DL, Durbin MK, Gendy MG, Shi W, et al (2010) Reproducibility of peri-
papillary retinal nerve fiber layer thickness and optic nerve head parameters measured with Cirrus HD-
OCT in glaucomatous eyes. Invest Ophthalmol Vis Sci 51: 5724–5730. doi: 10.1167/iovs.10-5222
PMID: 20574014

26. WuH, de Boer JF, Chen TC (2011) Reproducibility of retinal nerve fiber layer thickness measurements
using spectral domain optical coherence tomography. J Glaucoma 20: 470–476. doi: 10.1097/IJG.
0b013e3181f3eb64 PMID: 20852437

27. Vizzeri G, Weinreb RN, Gonzalez-Garcia AO, Bowd C, Medeiros FA, Sample PA, et al (2009) Agree-
ment between spectral-domain and time-domain OCT for measuring RNFL thickness. Br J Ophthalmol
93: 775–781. doi: 10.1136/bjo.2008.150698 PMID: 19304586

28. Wadhwani M, Bali SJ, Satyapal R, Angmo D, Sharma R, Pandey R, et al (2015) Test-retest variability of
retinal nerve fiber layer thickness and macular ganglion cell-inner plexiform layer thickness measure-
ments using spectral-domain optical coherence tomography. J Glaucoma 24: e109–e115. doi: 10.
1097/IJG.0000000000000203 PMID: 25517254

29. Matlach J, Wagner M, Malzahn U, Göbel W (2014) Repeatability of peripapillary retinal nerve fiber layer
and inner retinal thickness among two spectral domain optical coherence tomography devices. Invest
Ophthalmol Vis Sci 55: 6536–6546. doi: 10.1167/iovs.14-15072 PMID: 25228545

30. Golzan SM, Avolio A, Graham SL (2011) Minimising retinal vessel artefacts in optical coherence tomog-
raphy images. Computer method and programs in biomedicine. 104: 206–211.

Reproducibility of Circumpapillary Total Retina

PLOS ONE | DOI:10.1371/journal.pone.0144721 December 14, 2015 10 / 10

http://dx.doi.org/10.1167/iovs.11-7895
http://www.ncbi.nlm.nih.gov/pubmed/21972262
http://dx.doi.org/10.1016/j.ophtha.2009.04.013
http://www.ncbi.nlm.nih.gov/pubmed/19464061
http://dx.doi.org/10.1097/IJG.0b013e31825af58a
http://www.ncbi.nlm.nih.gov/pubmed/22668980
http://dx.doi.org/10.1111/ceo.12089
http://www.ncbi.nlm.nih.gov/pubmed/23433351
http://dx.doi.org/10.1038/eye.2011.17
http://www.ncbi.nlm.nih.gov/pubmed/21350568
http://dx.doi.org/10.1016/j.ophtha.2009.08.039
http://www.ncbi.nlm.nih.gov/pubmed/20079538
http://dx.doi.org/10.1167/iovs.12-10552
http://www.ncbi.nlm.nih.gov/pubmed/23493298
http://dx.doi.org/10.1167/iovs.10-5222
http://www.ncbi.nlm.nih.gov/pubmed/20574014
http://dx.doi.org/10.1097/IJG.0b013e3181f3eb64
http://dx.doi.org/10.1097/IJG.0b013e3181f3eb64
http://www.ncbi.nlm.nih.gov/pubmed/20852437
http://dx.doi.org/10.1136/bjo.2008.150698
http://www.ncbi.nlm.nih.gov/pubmed/19304586
http://dx.doi.org/10.1097/IJG.0000000000000203
http://dx.doi.org/10.1097/IJG.0000000000000203
http://www.ncbi.nlm.nih.gov/pubmed/25517254
http://dx.doi.org/10.1167/iovs.14-15072
http://www.ncbi.nlm.nih.gov/pubmed/25228545

