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Purpose: To determine the repeatability and profiles with different partition methods in intraretinal 

thickness layers in healthy human subjects, using optical coherence tomography (OCT).

Methods: A custom-built ultrahigh-resolution OCT was used to acquire three-dimensional 

volume of the macula in 20 healthy subjects. The dataset was acquired twice using the macular 

cube 512×128 protocol in an area of 6×6 mm2 centered on the fovea. Commercially available 

segmentation software (Orion™) was used to segment the dataset into thickness maps of six 

intraretinal layers. The coefficient of repeatability and intraclass coefficient of correlation (ICC) 

were analyzed using hemispheric zoning and sectors defined by the Early Treatment Diabetic 

Retinopathy Study (ETDRS).

Results: All datasets were successfully segmented to create six thickness maps of individual 

intraretinal layers. Coefficients of repeatabilities of these layers in hemispheric zones ranged 

from 0.9 to 6.6 µm, with an average of 3.6 µm (standard deviation [SD] 1.4), which was not 

significantly different compared to ETDRS sectors (P.0.05). ICCs of these layers in hemi-

spheric zones ranged from 0.68 to 0.99, with an average of 0.91 (SD 0.07). There were no 

significant differences in ICCs between two zoning methods (P.0.05). Significant variations of 

tomographic intraretinal thicknesses were found between the inner and outer annuli and among 

the quadrantal sectors within the inner and outer annuli (P,0.05). Significant variations of 

the quadrantal sectors including both inner and outer annuli were evident in intraretinal layers 

(P,0.05) except for the outer plexiform layer.

Conclusion: The measurement repeatabilities of tomographic thicknesses of intraretinal layers 

are comparable using both hemispheric and ETDRS partitions in volumetric data combined with 

the commercially available segmentation software. In keeping with known, normal anatomical 

variation, significant differences in tomographic thickness in various intraretinal layers were 

apparent in both hemispheric and ETDRS sectors.

Keywords: intraretinal layer, thickness variation, tomography, healthy subject

Introduction
The retina is an extension of the brain, and the transparent ocular media facilitates direct 

inspection and measurement of its intraretinal layers. Optical coherence tomography 

(OCT) imaging has been widely used to study the neurodegeneration associated with 

ocular diseases such as age-related macular degeneration1 and in diseases of the cen-

tral nervous system (CNS), such as Alzheimer’s disease,2 Parkinson’s disease,3 and 

multiple sclerosis.4–11 Atrophy of the peripapillary retinal nerve fiber layer (pRNFL) 

and/or the macular ganglion cell layer has been observed in these disorders. For CNS 

disorders, macular ganglion cell–inner plexiform layer (GCIPL) thickness has been 
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shown to correlate better tomographically with central visual 

field defects, compared to pRNFL.12 Hence, GCIPL thickness 

may be a more important measure in studying CNS neuro-

degeneration and evaluating the efficacy of neuroprotective 

intervention. In addition to the GCIPL, other intraretinal 

layers such as inner nuclear layer (INL), outer nuclear layer 

(ONL), and outer plexiform layer (OPL) were found to be 

affected in conditions such as Parkinson’s disease13 and mul-

tiple sclerosis.6 Therefore, the imaging of intraretinal layers 

may provide additional information and facilitate a better 

understanding of the underlying disease mechanisms of these 

CNS pathologies that affect the anterior visual pathway.

OCT has improved since the modality was first introduced 

in 1991.14 The advancements have focused primarily on imag-

ing speed and axial resolution. Commercially available OCT 

systems are able to capture high-resolution, three-dimensional 

(3D) volumes of the retina and its sublayers.15,16 The propriety 

software automatically measures the thickness of pRNFL15,16 

and GCIPL in sectors defined by the Early Treatment Diabetic 

Retinopathy Study (ETDRS).15,17 The diagnostic value of 

these core measurements is well documented;16 yet, other 

intraretinal layers provided additional and complimentary 

information regarding the health of the retina.18 However, the 

analysis of intraretinal layers is not widely used, mainly due 

to the limitations of the commercially available image pro-

cessing software. Also, hemispherical partition may be well 

suitable for evaluating localized alterations in the retina due 

to retrogeniculate disorders.12,19 However, the hemispherical 

partition of the retinal thickness layers is not widely available 

in commonly used OCT systems. Alternative intraretinal 

layer segmentation software, such as Orion™ (Voxeleron 

LLC, Pleasanton, CA, USA), can be used in conjunction with 

both commercial OCT devices and custom-developed OCT 

systems for more advanced analyses. The software may be 

an important tool for quantitatively analyzing tomographic 

intraretinal layers, possibly resulting in a better understanding 

of pathogenic processing of ocular and cerebral diseases. The 

goal of the present study was to determine the repeatability 

using hemispherical and ETDRS partitions in intraretinal 

thickness layers in healthy human subjects using OCT. We 

additionally looked at the characteristic profiles of layer 

thicknesses within and across the measurement zones.

Materials and methods
Subjects
Twenty normal healthy subjects (11 females and 9 males) 

were recruited. Their mean age was 36.2±10.0 years 

(range 25–55 years). One eye of each subject was imaged. 

No subjects had ocular or systemic diseases, or underwent 

intraocular surgery or laser treatment. None of them had 

refractive error exceeding -6.00 D or +3.00 D. The study was 

approved by the University of Miami Institutional Review 

Board. All of the subjects were treated in accordance with the 

tenets of the Declaration of Helsinki, and written informed 

consent was obtained from each subject.

Custom OCT (ultrahigh-resolution OCT)
A custom-built ultrahigh-resolution OCT (UHR-OCT) 

device with an axial resolution of ~3 μm was used to acquire 

the images of macula. This system has been described 

elsewhere in detail.20 Briefly, UHR-OCT was based on a 

spectrometer with a line scan camera running at 24,000 

A-scans per second. A superluminescent diode with a center 

wavelength of 840 nm and a bandwidth of 100 nm was used 

as the light source. A light delivery system with an ocular 

lens (60 D; Volk Optical, Mentor, OH, USA) was adapted 

to a slit-lamp system to facilitate retinal imaging. A green 

dot generated by a miniature liquid crystal display screen 

provided an internal fixation target. OCT real-time imaging 

in both the horizontal and vertical medians was displayed 

to facilitate positioning the scan center on the fovea during 

prealignment period. The 3D volume of the macula was 

acquired twice using the macular cube 512×128 protocol 

(128 consecutive B-scans) in an area of 6×6 mm2 centered 

on the fovea. Each B-scan consisted of 1,365 (depth) × 512 

(width) pixels. The scan depth was calibrated as 2.078 mm 

in air.

Macular cube acquisition and image 
analysis
All subjects were asked to sit in front of the slit lamp, on which 

the OCT probe was mounted, and look at the fixation light. 

After X- and Y-axes alignment view showed the fovea was 

centered, the macular cube volumes were acquired by raster 

scanning. The entire scan was acquired in approximately 

2.7 seconds. Automatic software (Orion, ver. 2.0.6023; 

Voxeleron LLC) was used to segment the thickness maps of 

retinal layers (Figure 1) and process the thickness maps using 

hemispheric and the ETDRS partition definitions (Figure 2). 

The segmented layers of the macular cube included the total 

retinal thickness (TRT), retinal nerve fiber layer (RNFL), 

GCIPL, INL, OPL, ONL, and photoreceptor (PR) complex. 

Manual review of all segmentation results was performed 

by one analyzer (YY) to ensure the summary measurements 

were not affected by noticeable errors. No manual correction 

was performed. The coefficients of repeatability (CoRs) and 
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intraclass coefficients of correlation (ICCs) were analyzed 

using the hemispheric and ETDRS partitions. The CoR was 

calculated as 1.96× the standard deviation (SD) of the differ-

ence between repeated measurements. Thickness variations 

among zones were analyzed using analysis of variance.

Results
All datasets were successfully segmented to create six 

thickness maps of individual intraretinal layers in addition 

to the map of TRT (Figure 3). The CoRs of these layers 

in hemispheric zones ranged from 0.9 to 6.6 µm, with an 

Figure 1 Cross-sectional retina and segmented tomographic thickness maps of intraretinal layers. 
Notes: The cross-sectional retina (A) of a healthy subject was acquired using Zeiss Cirrus HD-OCT with 6 mm scan width as a reference image. The image was screen-
captured from a digital report (PDF file) of macular cube 512×128. The cross-sectional retina (B) of another healthy subject was acquired using UHR-OCT and averaged three 
scans centered at the fovea, illustrating the intraretinal layers, and the retina (C) directly exported from the Orion software, shows seven segmented boundaries defining six 
intraretinal layers, which correspond to six tomographic thickness maps (D, diameter of 6 mm). Note the image acquired with UHR-OCT appears to show higher definition 
of these intraretinal layers. Scale bars in (C) =250 µm.
Abbreviations: GCIPL, ganglion cell–inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer; OPL, outer plexiform layer; PR, retinal photoreceptor; RNFL, 
retinal nerve fiber layer; UHR-OCT, ultrahigh-resolution optical coherence tomography; HD-OCT, High Definition Optical Coherence Tomography.
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average of 3.6 µm (SD 1.4), which was not significantly dif-

ferent compared to those of ETDRS sectors (average 3.6 μm, 

SD 1.4, range 1.1–8.0 μm, P.0.05) (Figure 4). The CoRs 

showed excellent repeatabilities in RNFL, INL, OPL, ONL, 

and PR (CoR of each sector ,6 µm) and fair repeatability 

in GCIPL and TRT (the worst sector $6 µm) between two 

measurements. ICCs of these layers in hemispheric zones 

ranged from 0.68 to 0.99, with an average of 0.91 (SD 0.07). 

There were no significant differences in ICCs between two 

different zoning methods (P.0.05) (Figure 5).

Significant variations of tomographic intraretinal thick-

nesses were found between inner and outer annuli and 

among quadrantal sectors within the inner and outer annuli 

(P,0.05) (Figure 6). The average thickness of the total 

retina and the intraretinal layers, except for RNFL and PR, 

in the inner annulus was greater than in the outer annulus 

(P,0.01) (Figure 7). Significant variations among quadrantal 

sectors including both inner and outer annuli were evident 

in intraretinal layers (P,0.05) except for OPL and PR 

(P.0.05) (Figure 8). Post hoc tests of the sectors summed 

from inner and outer annuli showed that thicknesses in nasal 

side including nasal, nasal superior, and nasal inferior sec-

tors were significantly more than in temporal side including 

temporal, temporal superior, and temporal inferior sectors 

in total retina and intraretinal layers (P,0.05) except for 

OPL (P.0.05).

Discussion
OCT is widely used as a noninvasive diagnostic tool in 

the field of ophthalmology. With fine resolution, fast data 

acquisition, and good penetration (depending on wave-

length), the layered structure of the retina can be resolved. 

Most commercial devices such as Cirrus HD-OCT™ (Carl 

Zeiss Meditec, Inc, Dublin, CA, USA), Heidelberg Spec-

tralis OCT system (Heidelberg Engineering, Heidelberg, 

Germany), and RTVue OCT (Optovue, Inc, Fremont, CA, 

USA) share similar functionalities for acquiring volumetric 

data in a very short period of time.21,22 In addition, custom 

laboratory OCT devices, such as the one used in the present 

study and in other studies,23,24 can resolve equivalent or bet-

ter intraretinal layers, given the better axial resolution. The 

details of multiple intraretinal layers can be clearly visual-

ized in the cross-sectional images and attempts have been 

made to segment these layers in both two dimensions24–26 

and three dimensions.27–30 Yet, these commercially available 

OCT devices generate automated thickness maps for only 

Figure 2 Hemispheric and ETDRS quadrants and annuli.
Notes: Two zoning systems were used to define sectors of intraretinal layers for calculating thickness. Three concentric rings including 1, 3, and 6 mm diameters were used to divide 
the map into nine zones. The central 1 mm zone of the fovea was removed. The inner and outer annuli were then divided into four quadrants for each annulus. In the hemispheric 
definition, the division was done using vertical and horizontal medians (A). In the ETDRS definition, the quadrantal division was done using 45° and 135° medians (B).
Abbreviations: ETDRS, Early Treatment Diabetic Retinopathy Study. In the hemispheric zones: I_N_I, inner nasal inferior area; I_N_S, inner nasal superior area; I_T_I, 
inner temporal inferior area; I_T_S, inner temporal superior area; O_N_I, outer nasal inferior area; O_N_S, outer nasal superior area; O_T_I, outer temporal inferior 
area; O_T_S, outer temporal superior area. In the ETDRS zones: I_I, inner inferior area; I_N, inner nasal area; I_S, inner superior area; I_T, inner temporal area; O_I, outer 
inferior area; O_N, outer nasal area; O_S, outer superior area; O_T, outer temporal area.
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limited layers such as TRT and GCIPL thicknesses.21,31,32 

The advances in automated and semiautomated segmentation 

have facilitated delineation of multiple intraretinal layers in 

three dimensions.27,29,30,33,34 However, with the exception of 

Orion, a software that automates the thickness mappings 

of six to eleven intraretinal layers is not commercially 

available. Orion has been previously applied in processing 

volumetric data obtained from a commercial device (Cirrus 

HD-OCT), segmenting in this case, the thickness maps of 

six retinal layers.29 The software was adapted to our custom 

Figure 3 Tomographic thickness (µm) of the total retina and six intraretinal layers.
Notes: The mean thicknesses (±SD) of these layers are displayed in each sector using hemispheric (A) and ETDRS (B) definitions. Different thicknesses were apparent 
between the sectors in each layer in both zoning definitions.
Abbreviations: ETDRS, Early Treatment Diabetic Retinopathy Study; GCIPL, ganglion cell–inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer; OPL, 
outer plexiform layer; PR, retinal photoreceptor; RNFL, retinal nerve fiber layer; SD, standard deviation; TRT, total retinal thickness.
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OCT, prompting our need for testing the repeatability of the 

intraretinal thicknesses ahead of performing further clinical 

studies. This is especially important when the software was 

developed entirely independently of the acquisition hard-

ware, as is the case with Orion. Testing the repeatability 

and characteristic profiles of these segmented layers will lay 

the necessary foundation for further study design, including, 

potentially, the creation of normative ranges.

Our tomographic thickness data obtained from our 

custom-made OCT with the implementation of Orion software 

are in agreement with the published data.31,32,34,35 Sull et al 

compared TRT in ETDRS partitions obtained with several 

Figure 4 Repeatability of measuring total retinal thickness and six intraretinal layers in hemispheric and ETDRS sectors.
Notes: CoRs of hemispheric sectors (A) ranged from 0.9 to 6.6 µm, with an average of 3.6 µm (SD 1.4), which was not significantly different compared to those of ETDRS 
sectors (B, average 3.6 μm, SD 1.4, range 1.1–8.0 μm).
Abbreviations: CoRs, coefficients of repeatability; ETDRS, Early Treatment Diabetic Retinopathy Study; GCIPL, ganglion cell–inner plexiform layer; INL, inner nuclear layer; 
ONL, outer nuclear layer; OPL, outer plexiform layer; PR, retinal photoreceptor layer; RNFL, retinal nerve fiber layer; SD, standard deviation; TRT, total retinal thickness.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Clinical Ophthalmology 2016:10 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

2409

The measurement repeatability of intraretinal tomographic thickness

Figure 5 ICC values.
Notes: ICC of measuring tomographic thicknesses of total retina and six intraretinal layers in hemispheric zones ranged from 0.68 to 0.99, with an average of 0.91 (SD 0.07). 
There were no significant differences in ICCs between hemispheric (A) and ETDRS (B) definitions (average 0.91, SD 0.08, range 0.64–0.99, P.0.05). The ICC values were 
classified as fair (#0.8), good (0.8–0.9), and excellent ($0.9).
Abbreviations: ETDRS, Early Treatment Diabetic Retinopathy Study; GCIPL, ganglion cell–inner plexiform layer; ICC, intraclass coefficient of variation; INL, inner nuclear 
layer; ONL, outer nuclear layer; OPL, outer plexiform layer; PR, retinal photoreceptor; RNFL, retinal nerve fiber layer; SD, standard deviation; TRT, total retinal thickness.

commercial devices and found the results obtained with 

SD-OCT to be similar.21 Our results of TRT were within 

the ranges, compared to the results reported by others.21,25 

The thickness maps for six intraretinal layers obtained in the 

present study in EDTRS sections were also similar to those 

reported in a previous study,22 with some mild disparities. 

This could, in part, be due to the definition of the boundar-

ies where the thickness of a certain layer is calculated. For 

example, TRT can be defined as from the ILM to the inner/

outer segment junction, retinal pigment epithelium (RPE), 
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Figure 6 Variations of tomographic thickness of total retina and six intraretinal layers.
Notes: Significant variations of tomographic intraretinal thicknesses were found between inner and outer annuli (A) and among quadrantal sectors within the inner (B) and 
outer annuli (C) (P,0.05). Significant variations of the quadrantal sectors (D) combined from both inner and outer annuli of each intraretinal layer were evident in intraretinal 
layers (P,0.05) except for OPL (P.0.05). Post hoc tests of the sectors summed from inner and outer annuli (D) showed that thicknesses in nasal side including nasal, nasal 
superior, and nasal inferior sectors were significantly higher than the temporal side including temporal, temporal superior, and temporal inferior sectors, and in thicknesses 
in total retina and intraretinal layers (P,0.05) except for OPL (P.0.05). Bars denote standard deviation.
Abbreviations: GCIPL, ganglion cell–inner plexiform layer; I, inferior; INL, inner nuclear layer; N, nasal; NI, nasal inferior; NS, nasal superior; ONL, outer nuclear layer; OPL, 
outer plexiform layer; PR, retinal photoreceptor; RNFL, retinal nerve fiber layer; S, superior; T, temporal; TI, temporal inferior; TRT, total retinal thickness; TS, temporal 
superior.

or to Bruch’s membrane.36 Given the lack of standardization 

and consensus among the devices, we may interpret our find-

ings in the context of the existing literature. Compared with 

previous studies,35,37,38 the average thickness value of ONL 

was higher in the present study, while the thickness values of 

ONL and the inner segment of photoreceptors (IS) were simi-

lar to those in previous studies.37,39 Furthermore, the average 

thickness of PR was consistent with that of the outer segment 

of photoreceptors.22,38,39 Hu et al37 reported that the normal 

average thickness of ONL was 54 μm and that of IS was 

26 μm. Demirkaya et al39 measured the thickness of ONL + 

IS, and the result (85±8 μm) was consistent with the values 

obtained in a previous study by Hu et al37 and in the present 

study (81±5 μm). These findings may possibly be because the 

ONL in the present study included ONL and IS, and PR might 

include the outer segment of photoreceptors. The thickness 

values of OPL layer in ETDRS sectors were lower than those 

in other studies,22,25,37,39 but similar to the value reported by 

Liu et al.35 Since the OCT used in the present study and by 

Liu et al are both custom-built systems with similar hardware 

configuration, similar results from healthy subjects may be 

expected. The remaining differences between the present 

study and other previous reports may also be simply due to 

the variation across normal subjects, imaging resolution, and 
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Figure 7 Tomographic thickness variations between annuli of the total retina and six segmented intraretinal layers.
Notes: The average thickness of the total retina and intraretinal layers, except for RNFL and PR, in the inner annuli was greater than the outer annuli (P,0.01). In those 
layers showing significant differences, the significantly thicker annuli are marked in green and the thinner annuli are marked in red. There was significant difference between 
inner and outer annuli for OPL. Data presented as thickness (µm) ± SD.
Abbreviations: GCIPL, ganglion cell–inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer; OPL, outer plexiform layer; PR, retinal photoreceptor; 
RNFL, retinal nerve fiber layer; TRT, total retinal thickness.

algorithm differences. Further studies with larger sample size 

will establish more robust normative database for thickness 

maps of the intraretinal layers, and a common consensus of 

what needs to be measured will also be helpful.21,36

While the present study focused on the comparability of 

two partition methods in segmentation repeatability, analyz-

ing the repeatability of each segmented intraretinal layer using 

different area partitions provides characteristic information 

about the measurement, which will be useful for determining 

the study sample size for future clinical studies. We reported 

the details of segmentation repeatability in annuli and sectors 

using two partition methods and found that they were com-

parable. In addition, the repeatabilities in annuli and section 

were comparable to those reported in previous studies.24,26,40,41 

Oberwahrenbrock et al reviewed the reliability of intraretinal 

thickness measurements and estimated the ICCs and CoRs 

from previously published data.40 With semiautomated seg-

mentation of 2D OCT images, very good ICCs and CoRs 

were evident for all intraretinal layers, except for OPL.40 

Similar reliability of segmenting 2D intraretinal layers was 

documented in previous studies,24,41 in which manual seg-

mentation or semiautomated segmentation was used on 2D 

OCT images. It may not, however, be feasible to use manual 

correction in volumetric data segmentation when a group 

of subjects is tested. Fully automated segmentation without 

supervision and manual correction was intentionally used in 

the present study, where we found by reviewing that the lay-

ers obtained with UHR-OCT can be measured reliably. The 

repeatability of the average thickness values of total macula 

and each intraretinal layer appeared to be much better than 

the results obtained with the time-domain OCT.26 The results 

we report in this study are similar to the published repeat-

ability data using manual correction in 2D segmentation.24,40,41 

Our results show that good repeatabilities are achievable 

for automated segmentation of most of intraretinal layers. 

However, segmentation validation against the ground truth 

may need to be further investigated. Also, further studies 

will be needed to test whether OCT with higher resolution, 

such as the one we used in the present study, yields higher 

repeatability than conventional OCT. Because two boundaries 

are needed to measure a given layer, we may also hypoth-

esize segmentation accuracy for a single boundary. Current 

reports using laboratory segmentation approaches revealed 

that segmentation accuracy of 3–4 µm could be achieved in 

segmenting one boundary of these intraretinal layers.27,30,42 

It may be reasonable to expect, therefore, that the thickness 

accuracy for a single layer could be larger; toward 8 µm. We 

found the averaged CoR in the represented study was ~4 µm 

for a layer with two boundaries, indicating excellent over-

all repeatability. Ahead of future clinical studies, it is also 

important to establish the intravisit variance for determining 

the application of OCT with difference partition methods. 
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Figure 8 Tomographic thickness variations among quadrants of the total retina and six segmented intraretinal layers.
Notes: The thickness maps were divided into quadrants using both hemispheric (A) and ETDRS (B) definitions. Significant variations of quadrantal thicknesses were 
evident in the total retina and intraretinal layers (P,0.01) except for OPL. The quadrants with the greatest thickness (marked in green) were mostly located in the nasal 
sides including nasal, nasal superior, and nasal inferior quadrants, except for PR. In contrast, the thinnest quadrants (marked in red) were mostly located in the temporal side 
including temporal and temporal inferior and the inferior quadrant (PR). Post hoc tests showed the difference between the thickest and thinnest quadrants to be significant 
(P,0.01) in the total retina and six segmented intraretinal layers, except for OPL.
Abbreviations: ETDRS, Early Treatment Diabetic Retinopathy Study; GCIPL, ganglion cell–inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer; OPL, 
outer plexiform layer; PR, retinal photoreceptor; RNFL, retinal nerve fiber layer; TRT, total retinal thickness.

More detailed information can be obtained after subfield 

partition. Different software employ different methods for 

reporting, with the ETDRS grid being the most common43 

and the hemispheric sectors being more appropriate for the 

loss resulting from CNS neurodegeneration.12,19 We tested 

both of these partitions in an attempt to better understand and 

characterize the thickness variation in the tomographic map-

pings. In the parafoveal area with hemispheric segmentation, 

thickness maps of the RNFL showed disparity in different 

quadrants. The RNFL was the thickest in the nasal quadrant of 

outer annuli and the thinnest in the temporal quadrant of outer 

annuli, which might be expected due to the known normal 
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distribution of nerve fibers between the optic nerve head and 

macula. The GCIPL thickness was the greatest in the inferior 

sector of the inner annulus in our study. When counting the 

sector of both inner and outer annuli, the thickest GCIPL was 

located in the nasal side. This is in agreement with a previous 

report that the GCIPL was thicker in the nasal sector–based 

EDTRS division of the parafoveal retinal area.22 Our data may 

provide an alternative quantitative measurement which might 

reflect the intraretinal structural characterization. The differ-

ent results might be explained by the difference in sample 

size, sex, and age. The thickness values of INL, OPL, and 

photoreceptor + retinal pigment epithelium were relatively 

uniform in all of the sectors of macula, while the thickness 

maps of the ONL showed a maximum value in the center of 

the fovea and a relatively high value in inner annulus subfield. 

This again might be due to the elongated cone photoreceptors 

in the normal fovea.22

Limitations
There were some limitations in this study. First, we only 

investigated normal subjects to demonstrate the imaging 

and segmentation capability and repeatability in order to 

establish a comparative reference for eyes with diseases. The 

repeatability and thickness variation in eyes with diseases 

will need to be further investigated. Second, the speed of 

UHR-OCT is not fast enough to reduce motion artifacts and 

we do not have eye tracking system, common to most com-

mercial instrumentations, which may explain the relatively 

poor repeatability in some of the outer annulus or quadrants. 

We examined all volumetric datasets and found that the 6 mm 

diameter circle centered on the fovea would occasionally 

go outside the bounds of the acquired image data. It could, 

therefore, be speculated that the repeatability of measuring 

tomographic thickness of intraretinal layers can be improved 

by using eye tracking or high-speed OCT systems. Third, our 

sample size is small, although we were able to find signifi-

cant thickness variations among the segmented intraretinal 

layers, which, to our understanding, likely characterize the 

normal structural variation. Future studies with larger sample 

sizes may further confirm these variations and perhaps 

facilitate the creation of a normative database. Fourth, we 

compared our results of TRT and tomographic thicknesses 

of intraretinal layers with published data and found that they 

were compatible. Future studies will be needed to directly 

compare the results obtained from our UHR-OCT with 

those obtained from commercial devices. Due to large data 

volume, it took about 7.5 seconds to process one volumet-

ric dataset, which is slower compared to the processing of 

data from the Cirrus instrument, a direct result of the larger 

number of voxels in our data set (typically, the processing 

time is exponential with data size) and the increased number 

of layers that are reported. However, the processing speed 

remains faster than other custom software for segmenting 

multiple intraretinal layers and, therefore, more suitable to 

clinical applications.27,30,44 Fifth, the accuracy will need to be 

tested by comparing the segmented results to the ground truth 

using manual segmentation. Lastly, the system used in the 

present study is a custom-made OCT and there is no norma-

tive database available. This study may serve as a start point 

to generate normative thickness maps of intraretinal layers.

Conclusion
In summary, the measurement repeatabilities of tomographic 

thicknesses of intraretinal layers using both hemispheric and 

ETDRS partitions were comparable. Significant variations 

were apparent in tomographic thickness of intraretinal layers 

in both hemispheric and ETDRS sectors. Such characteriza-

tion of tomographic thickness of intraretinal layers using 

OCT and automated segmentation in normal eyes is an 

important requisite step ahead of utilizing such techniques 

in diseased eyes and clinical studies.
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