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SIGNIFICANCE  

This study evaluates the reliability and validity of an automatic method of the external and internal limbal 

points identification from anterior segment OCT images in comparison to manual delineation.  

PURPOSE 

The purpose of this work is to evaluate the repeatability and precision of a previously proposed automatic 

method of external and internal limbal points identification and to compare them to the manual 

delineation by experienced clinicians in terms of limbus diameter. 

METHODS  

OCT tomograms obtained for 12 healthy volunteers without a history of eye diseases were analyzed. 

15 OCT tomograms were captured for each patient. For all the images, the external and internal limbal 
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points were determined using both the automatic and manual methods. The external  and internal limbus 

diameters were used as the comparative parameter between the methods under consideration. The 

statistical analysis included mean, standard deviation, the Passing-Bablok regression and the Pearson 

correlation coefficient. 

RESULTS 

A strong linear dependence between the automatic and manual methods was identified. While compared 

to the subjective estimates from clinicians, the automatic technique overestimated the external limbus 

diameter (bias equals 0.21 mm for optometrist and 0.23 mm for ophthalmologist) and slightly 

underestimated the internal limbus diameter (bias equals 0.13 mm for optometrist and 0.04 mm for 

ophthalmologist). The automatic method showed significantly better repeatability than the manual 

method in the case of external limbal points identification, and comparably high repeatability for internal 

limbal points recognition.  

CONCLUSIONS  

Due to high precision and excellent repeatability, the automatic method of limbal points identification 

may be successfully used for estimation of the dynamic changes in the geometry of the anterior segment 

of the eye, where the large number of captured OCT images need to be processed automatically with high 

precision. 

 

 
 

1. Introduction 

There are several structures located in the limbal area, which are crucial for the proper functioning of the 

eye and the entire visual system. The corneoscleral limbus contains limbal stem cells, which play an 

important role in the process of regeneration of the corneal epithelium.1 It is also a natural barrier which 

prevents the penetration of the cells to the epithelium and blood vessels for conjunctiva into the cornea.2 



Determining the position of the corneoscleral limbus can be important for a number of clinical and 

research tasks, including contact lenses fitting. 3 The proper fit of the contact lenses is determined on the 

basis of the distance of the edge of the contact lens from the corneoscleral limbus. 3 The posterior limbus 

is also of particular importance for proper estimation of the iridocorneal angle in the diagnostics of angle-

closure glaucoma.4 Also angle-to-angle distance, associated with the posterior limbus localization, is one 

of the factors used for anterior chamber phakic intraocular lens (pIOL) power calculations.5 

A crucial element in the process of determining both the anterior and posterior corneal diameters is 

the reliable and precise localization of the corneoscleral limbus on both the anterior and posterior 

surfaces of the cornea. The limbus is the transition area connecting the light-transparent cornea with the 

opaque sclera and conjunctiva. The limbal area is restricted by four characteristic points (see Fig. 1 for 

notation): the peripheral point of the Vogt’s palisade (1), the most peripheral point of Bowman’s layer (2), 

the peripheral point of the corneal endothelium (3) and the scleral spur (4). The segment between points 

(1) and (2) is noted as anterior limbus, while the segment between points (3) and (4) is noted as posterior 

limbus.6 

A variety of methods for estimation of the corneal or limbal diameters can be found in the literature. 

One of the basic methods is to measure white-to-white distance. It involves measuring the horizontal 

visible iris diameter (HVID), based on a visual assessment using a scanning slit topography or 

videokeratometry.7 This method, due to its simplicity, is widely used in clinical practice. However, previous 

work has shown that the correlation between HVID and the actual location of the corneoscleral limbus 

can be weak, probably due to peripheral corneal opacities such as arcus senilis.8 Another method, based 

on the anatomical structure and optical properties of the anterior segment, is to analyze the gradient of 

brightness on the images of the cornea captured with use of videokeratoscope9 or a simple camera,10 

however due to the imaging technique these methods can only estimate the anterior limbus properties. 



An alternative method to estimate the anterior limbus is based on the analysis of the geometry, such 

as radius of curvature of the outer surface of the eye, within the region of junction between the cornea 

and sclera.11 In this case, the corneoscleral limbus is located in the position where the radius of curvature 

changes rapidly. It is also possible to locate the corneoscleral limbus by analyzing the structure of the 

cornea, using the images obtained from fluorescence microscopy12 or optical coherence tomography 

(OCT).13 This method involves manual identification of the structures forming the corneoscleral limbus in 

the images, which makes it unsuitable for processing large datasets. 

OCT has been extensively used in clinical ophthalmic practice for almost three decades. This technique 

allows quick, and non-invasive examination of the ocular tissue, providing a high-resolution cross-

sectional (or volumetric) images. Several studies showed that it enables precise assessment of the 

parameters of individual structures of anterior eye,14 contact lens fitting,15,16 the iridocorneal angle for 

glaucoma diagnosis,17 in diagnosis of keratoconus,18 as well as to evaluate the structures of the anterior 

segment of the eye before and after laser refractive surgery and implanting a phakic intraocular lens.19  

In the present study we evaluate a fully automatic method to estimate the corneoscleral limbal points 

on OCT images of the full width of the anterior segment of the eye. The superior axial and lateral resolution 

of the OCT technology,20 makes it an ideal imaging tool for precise estimation of the geometry of the 

cornea, as well as the whole anterior chamber. The method, which was partly described in the conference 

paper,21 incorporates a geometrical analysis of the shape of the cornea and corneoscleral junction to 

extract the points of interest (see Figure 1 for notation): external limbal point (5) on the anterior ocular 

surface, and internal limbal point (3). The internal limbal point, associated with scleral spur, is widely 

accepted as one of the boundaries of the limbus. While the external limbal point needs a short 

explanation. 

Bergmanson and colleagues22 stated that the exact estimation of limbus boundaries is not 

straightforward and therefore there is a lack of precise methods for determining the limbal width or the 



limbus-to-limbus distance. The external limbal point (5), estimated by the automatic method,21 was 

chosen as the landmark associated with the location where the local curvature of the anterior ocular 

surface changes its sign11. Physiologically, this point is located within the limbal area between points (1) 

and (2) (see Figure 1). Given that these points can be easily localized by means of automated analytical 

methods, which are independent from the observer, there is a potential for developing new protocols for 

determining the dimensions of the limbus. 

In this study, a detailed statistical validation of the automatic method is presented. The proposed 

technique is validated in detail against two experienced observers that identify the limbal points. Also the 

discrepancies between the methods are explained and the usefulness of the automatic method for the 

purposes of estimation of the dynamic changes in the anterior segment geometry is discussed. 

2. Methods 

2.1. Human Subjects Protection 

All subjects taking part in the present study were informed about the protocol, they agreed to participate 

in the study and signed an informed consent form. Experimental protocol was approved by the 

Institutional Board of the Department of Ophthalmology, Wroclaw Medical University. The study was 

registered by the number of NCT03906279 and conducted by the Department of Optics and Photonics, 

Wroclaw University of Science and Technology, in cooperation with the Department of Ophthalmology, 

Wroclaw Medical University. 

2.2. OCT instrument 

An anterior segment swept source OCT instrument, Casia 2 (Tomey Corporation, Japan) was used in this 

study. It uses a tunable light source with a central wavelength λ = 1310 nm and allows to capture the OCT 

data with the acquisition rate of 50000 A-scans per second. This long wavelength ensures a greater 

sensitivity and better tissue penetration, which is of particular importance for imaging the internal 



structures of the anterior segment of the eye, such as iris, sclera and iridocorneal angle. The line scanning 

protocol in the horizontal meridian thru the corneal center was used to collect the data in the current 

study. 

The raw data obtained from the device correspond with the image of the whole anterior segment of 

the subject’s eye of a size 1996 × 1745 pixels. Taking into account the manufacturer specifications: the 

scan depth of 11 mm and the lateral scan range of 16 mm, the digital axial and transversal resolutions 

were estimated to be 8.5 µm (in tissue) and 8 µm, respectively. An exemplary tomogram is presented in 

Fig. 2a. After data acquisition, the OCT images were automatically segmented: including the anterior and 

posterior cornea, iris and anterior crystalline lens boundaries in order to be associated to relevant 

anatomical surfaces.23 Boundary profiles were smoothed by a custom developed procedure (details in 

Ref.24) and finally corrected from optical distortion by means of a custom procedure (see Fig. 2b).25 

2.3. Participants 

We used OCT data obtained from 12 healthy volunteers, aged from 22 to 48 years old, 8 females and 4 

males. The measurements were taken from 7 left eyes and 5 right eyes. Fifteen different scans of the 

anterior segment of the same eye were captured during a single visit for each participant. Then, each of 

the OCT images was processed in order to identify both the external and internal limbal points. From the 

obtained limbus points localized at the anterior ocular surface, the values of both external limbus 

diameter (further referred to as ELD) were calculated as the Euclidean distance between the two external 

limbal points. Similarly, and internal limbus diameter (further referred to as ILD) were calculated as the 

Euclidean distance between the two internal limbal points identified at the posterior corneal surface. 

2.4. Automatic localization methods of external and internal limbal points  



In a previous publication21, we introduced two versatile methods of corneoscleral limbus estimation from 

OCT images of the whole anterior segment of the eye, based on geometrical dependencies on shape of 

cornea and corneoscleral junction. 

Briefly, the first method locates the external limbal point at the anterior ocular surface by using the 

estimation of the local radii of curvature (or curvature) along the whole anterior ocular surface. The details 

on how the local curvature can be estimated for the discrete set of data points can be found in Appendix 

1. According to the literature,26 the radius of curvature changes abruptly at the junction point of the 

cornea and sclera/conjunctiva, creating the anterior scleral sulcus. The external limbal point can be 

identified as the point, where the local curvature (reciprocal of local radius of curvature) reaches the value 

of zero. By looking at the curvature profile of the anterior surface of the eye, this point can be clearly 

identified (Fig. 3a). 

The second method estimates the location of the internal limbal point at the posterior surface of the 

cornea and sclera. It uses the estimation of actual thickness profile of the cornea calculated as the distance 

between the two corneal surfaces taken along the normal to the anterior surface. The profile of the 

thickness manifests two superior local maxima (see Fig. 3b), which can be associated with the location of 

internal limbal points. To be precise, these maxima directly indicate points at the anterior corneal surface, 

and the positions of posterior limbal points need to be calculated as the maximum distances taken along 

the line perpendicular to the anterior corneal surface at these points. According to the literature,27 these 

internal limbal points can be identified as the tip of the scleral spur. Finally, the ELD and the ILD estimates 

were estimated from these points. 

2.5. Statistical analysis 

The automatic methods were statistically validated, with regards to external and internal limbal 

diameters, by comparing the automatic with the subjective method of identification. The manual limbal 

points identification was performed by two clinicians: an ophthalmologist with significant experience in 



the analysis of OCT image of the anterior segment (Operator A) and an optometrist (Operator B) that had 

no experience in this task and was instructed by Operator A on the image marking criteria. The operators, 

which were both masked to the automatic method predictions, were instructed to subjectively estimate 

the positions of (a) the external limbal points at the boundary points of Bowman’s layer and (b) internal 

limbal points at the scleral spur, at each side of the cornea. The tomograms were randomly presented to 

the both operators. The subjective data from each side of the cornea was processed in order to calculate 

both ELD and ILD for each single tomogram. 

The Passing-Bablok regression was used in order to compare the results obtained by means of both 

automated and the two manual methods, this non-parametric method of linear regression is 

recommended when comparing the two data sets that are estimated with some errors.28 The Pearson 

correlation coefficient was also calculated in order to measure the strength of the linear relationship 

between each pair of method.  

Intravisit reproducibility was defined as the reproducibility of limbal diameter estimation obtained by 

limbal points identification made by a single observer on the measurement session (15 times for each 

subject). Interobserver reproducibility was defined as the reproducibility of limbal diameter estimation 

obtained by limbal points identification made by both human observers and automated delineation for 

the same measurement session. The bias or average agreement was assessed for each pair of subjective 

and automated delineation by calculating the mean difference in limbal diameter estimation. This was 

reported with 95% confidence intervals (95% CI). 

MedCalc 19 statistical software (MedCalc Software, Ostend, Belgium) was used for the statistical 

analysis. 

3. Results 

The results presented in Table 1 show the difference between the points obtained from manual processing 

and those from the automatic analysis. In terms of distances from the points obtained by the automatic 



analysis, the discrepancies are 3 times larger for the external limbus than for the internal limbus. The 

significance test showed that there are no significant differences between operators for the internal 

limbal points – both for nasal and temporal sides, while for the external limbal points the results of manual 

processing by the same operator show statistically significant differences for both nasal and temporal 

sides (see Table 2). Tables 3 and 4 present detailed statistical analysis of the results of anterior and 

posterior limbal diameter estimation obtained by means of both automatic and subjective methods. 

The statistical analysis proved that this linear correlation for both external and internal diameter is 

strong but there is some bias between the results obtained by means of automatic and manual methods 

(r = 0.89, 95 % CI: 0.85-0.92 and r = 0.89, 95 % CI: 0.86-0.92 when one compares ELD and ILD, respectively, 

between the results obtained by Operator B and the automatic method, and r = 0.84, 95 % CI: 0.77-0.87 

and r = 0.86, 95 % CI: 0.82-0.89 when one compares, respectively, ELD and ILD results obtained by 

between Operator A and the automatic method). 

The Passing-Bablok regression showed that there exists a strong correlation between the results 

obtained by means of both manual and automatic methods (see Fig. 4). This correlation between the 

automatic and manual methods is particularly clear for ILD, for which the slope is 0.911, 95% CI: 0.842-

0.986 between the results obtained by the Operator A and the automatic method and 0.931, 95% CI: 

0.862-1.004 between the results obtained by the Operator B and the automatic method. 

The Bland-Altman analysis for non-parametric data showed some bias between the manual and 

automatic processing. ELD by means of automatic method seems to be overestimated by 0.235 mm (with 

the total width of 95% CI equal to 0.188 mm) in comparison to the results obtained for Operator A and by 

0.207 mm (with the total width of 95% CI equal to 0.152 mm) in comparison to the results obtained for 

Operator B. Regarding the ILD obtained with use of automatic method, it seems to be underestimated by 

only 0.041 mm (with the total width of 95% CI equal to 0.175 mm) in comparison to the results obtained 



for Operator A and by 0.134 mm (with the total width of 95% confidence interval equal to 0.213 mm) in 

comparison to the results obtained for Operator B. 

4. Discussion and conclusions 

This study presented and evaluated an automatic method to estimate the external and internal limbal 

points from OCT images based in the shape of the tissue. The results presented in Table 1 show the 

difference between the points obtained from manual processing and those from the automatic analysis. 

In terms of distances from the points obtained by automatic analysis, the discrepancies are 3 times larger 

for the external limbus than for the internal limbus. The significance test showed that there are no 

significant differences between operators for the internal limbal points – both for nasal and temporal 

sides, while for the external limbal points the results of manual processing by the same operator show 

statistically significant differences for both nasal and temporal sides (see Table 2). 

The results of statistical analysis of the limbal diameter estimation showed the presence of some bias 

between the results obtained while comparing the proposed automatic method and the subjective 

estimation (see Tables 3 and 4, and Fig. 4). To summarize, the automatic technique overestimated the 

ELD and underestimated the ILD, while compared to the subjective estimates of both an Operator A and 

Operator B. This difference is likely due to the way the observers selected the points, taking into account 

that, in particular, the human operators identified the limbal points based on their anatomical background 

and the whole OCT tomogram. While the automatic method relies on precise segmentation23 and uses 

only the geometrical dependencies of the shape of the cornea and sclera. Effectively, the automatic 

method identified slightly different locations than the human operators, particularly manifested in the 

case of ELD. In comparison to the automatic method, ELD is underestimated by 0.21 mm for Operator B 

and by 0.24 mm for Operator A (see Appendix Figure A1 for details of non-parametric Bland-Altman 

analysis). The automatic method underestimates the ILD by only 0.04 mm and 0.13 mm in comparison to 

the Operator A and Operator B, respectively. Fig. 5 presents the exemplary results of limbal points 



estimation by means of both manual and automatic methods. Most of the studies11,29,30 aiming to compare 

different methods of corneal or limbal diameter estimations report comparable or even larger 

discrepancies to the ones obtained in this study. It is worth noting that imaging modalities and parameter 

definition may be slightly different between the studies, that include metrics such as white-to-white 

(WTW), angle-to-angle (ATA) diameters or horizontal visual iris diameter (HVID). For example, Kohnen et 

al.29 compared WTW distance (from Orbscan and IOLMaster devices) and ATA diameter (from Visante 

OCT) and found the differences ranging from 0.32 to 0.68 mm. Baumeister et al.30 compared 5 different 

methods, both manual and automatic, and their results showed discrepancies between the mean results 

ranging from 0.07 to 0.45 mm. Additionally, they found differences up to 0.5 mm between the diameters 

obtained by two operators of the instrument. Therefore, the relative difference between the manual and 

automatic methods reported in this work, ranging from 0.21 to 0.24mm for ELD, and from 0.04 to 0.13 

mm for ILD seems to be acceptable both for research and clinical applications. 

Despite the small discrepancies between the subjective and automatic results, the detailed statistical 

analysis presented in the previous section showed that the automatic method of external limbal points 

identification provides more precise results than the manual processing. This is due to objective analysis 

of the numerical data, whilst results obtained by human operators may be affected by the error associated 

with visual assessment of the gray level changes in the raw tomograms, subjective assessment as well as 

monitor resolution and external illumination level. The presented results showed that the observers 

clinical experience in manual processing of the anterior chamber tomographic images plays a significant 

role in precision and repeatability of subjective assessment. Moreover, since the statistical analysis was 

performed on the series of 15 different images captured for each subject, the automatic limbal points 

localization method seems to be independent of small, involuntary rotational movements of the subject’s 

eye and provide precise, stable results.  



In the case of internal limbal points, the automatic method of identification provides significantly 

better repeatability than the manual identification by Operator B, whilst in relation to the localization 

obtained by the experienced Operator A, the automatic processing provides results of comparable 

repeatability. This is due to the fact that unlike the external limbal points, the internal limbal points 

(recognized as the tip of the scleral spur, see Fig. 1) can be visually estimated with ease. Therefore the 

obtaining the same or comparable repeatability as the experienced ophthalmologist seem a reasonable 

results. 

Although in 2017 Bergmanson and Martinez22 claimed that “with current OCT instruments it is difficult 

to obtain a high resolution limbus-to-limbus single field of view”, it is work noting that state-of-the-art 

clinical OCT instrument provide an excellent trade-off between transverse resolution of the corneal data 

and the lateral/axial imaging range. The instrument used in the present study allows to capture whole 

anterior segment images with a lateral range of 16 mm and the transversal digital resolution less than 

8 microns in tissue. This resolution compares favorably with previous method use to extract limbal 

diameter and should provide sufficient detail to reconstruct the limbal area. 

The main limitations of the present study is that the anterior segment OCT images were acquired in a 

small sample size of only healthy participants. Thus, all the results presented for the automatic methods 

were obtained from OCT images of healthy young participants. The precision of segmentation, and 

subsequently the result presented here, strongly depends on the OCT image quality or to be more precise 

by the signal-to-noise parameter. To further validate the method future studies should expand the 

validation of the automatic method on larger population containing both normal subjects and patients 

with anterior segment conditions, such as angle-closure glaucoma4 or keratoconic or post-refractive 

surgery corneas31-33 or older participants. For patients with severe pathologies that significantly affect the 

anterior or posterior corneal shapes (such as edematous corneas, bullous keratopathy, and acute corneal 

hydrops34,35), the proposed method may fail. 



The other limitation of the current work is that the OCT images were taken at a single meridian 

(horizontal). The anterior chamber geometry, including the limbus shapes, is known to change shape in 

different meridians.36,37 Future work should investigate the effect of meridian on the proposed method. 

A method to extract the external and internal limbal points was evaluated against two clinicians with 

different level of experience in the manual segmentation task. Although small differences between 

manual and automatic method were observed, those differences are likely connected to the different 

principles of detection rather than a limitation of the proposed method. It is worth noting that these 

differences are still smaller that the method’s variability. The precision of the proposed methods was 

comparable or superior to the manual analysis. The automatic nature of the numerical method combined 

with the repeatability and stability of the results, makes the proposed tool suitable for the automatic 

estimation of the limbus. These advantages may be of particular interest for application of this method in 

the estimation of the dynamic changes in the anterior segment of the eye, i.e. rapid fluctuation of the 

iridocorneal angle, where the large number of captured OCT images need to be processed automatically 

with a superior precision. 

 

 

 

 

 

 

 

 

 

 



 

Table 1. The comparison of external and internal nasal and temporal limbal points localization by means 
of human operators estimated as the distance difference (in mm) between the results of manual minus 
automatic processing. The table presents the average of the mean and standard deviation values obtained 
from a series of 15 images captured for all 12 subjects. 

 

Operator A – automatic method Operator B – automatic method 

Temporal limbal 
point 

Nasal limbal point 
Temporal limbal 

point 
Nasal limbal point 

Mean 
[mm] 

std dev 
[mm] 

Mean 
[mm] 

std dev 
[mm] 

Mean 
[mm] 

std dev 
[mm] 

Mean 
[mm] 

std dev 
[mm] 

External 
limbus 

0.139 0.072 0.322 0.105 0.125 0.079 0.300 0.114 

Internal 
limbus 

0.103 0.049 0.134 0.060 0.115 0.070 0.135 0.071 

std dev = standard deviation 

  



Table 2. Result of test of significance (p-values) between the results of limbal points localization on both 
the temporal and nasal sides of the eye and localization by means of human operators for with automatic 
estimation taken as reference. The values are presented for both external and internal limbal points. The 
underlined values note that there exist significant differences between obtained results. 

External limbus 

 
Operator A 
temporal 

Operator A 
nasal 

Operator B 
temporal 

Operator B 
nasal 

Operator A 
temporal 

x <0.001 0.637 <0.001 

Operator A 
nasal 

<0.001 x <0.001 0.67 

Operator B 
temporal 

0.637 <0.001 x <0.001 

Operator B 
nasal 

<0.001 0.67 <0.001 x 

Internal limbus 

 
Operator A 
temporal 

Operator A 
nasal 

Operator B 
temporal 

Operator B 
nasal 

Operator A 
temporal 

x 0.173 0.976 0.475 

Operator A 
nasal 

0.173 x 0.211 0.623 

Operator B 
temporal 

0.976 0.211 x 0.492 

Operator B 
nasal 

0.475 0.623 0.492 x 

  



Table 3. Per subject and group estimates of the ELD. Each column presents the mean and standard 
deviation of two manual operators and automatic corneoscleral limbus identification. 

 
Operator A Operator B Automatic 

method 

Subject Mean ELD 
[mm] 

std dev [mm] 
(range) 

Mean ELD 
[mm] 

std dev [mm] 
(range) 

Mean ELD 
[mm] 

std dev [mm] 
(range) 

1 11.48 0.079 
(11.34-11.60) 11.54 0.122 

(11.33-11.74) 11.66 0.038 
(11.56-11.70) 

2 11.22 0.093 
(11.09-11.37) 11.36 0.091 

(11.22-11.50) 11.60 0.040 
(11.53-11.67) 

3 11.73 0.082 
(11.61-11.89) 11.97 0.120 

(11.68-12.10) 11.99 0.040 
(11.92-12.05) 

4 11.84 0.098 
(11.61-11.96) 11.69 0.087 

(11.52-11.80) 11.85 0.067 
(11.69-11.98) 

5 11.42 0.070 
(11.28-11.51) 11.62 0.099 

(11.44-11.80) 12.14 0.043 
(12.07-12.20) 

6 12.54 0.097 
(12.41-12.77) 12.78 0.115 

(12.52-12.98) 13.18 0.082 
(13.00-13.31) 

7 12.19 0.075 
(12.03-12.30) 12.09 0.079 

(11.94-12.25) 12.39 0.063 
(12.30-12.54) 

8 11.66 0.081 
(11.43-11.75) 11.70 0.130 

(11.54-11.95) 11.59 0.029 
(11.54-11.64) 

9 11.78 0.106 
(11.63-11.97) 11.93 0.055 

(11.83-12.02) 12.06 0.026 
(12.02-12.09) 

10 11.95 0.071 
(11.80-12.02) 11.93 0.066 

(11.79-12.02) 12.11 0.106 
(11.98-12.29) 

11 11.99 0.051 
(11.92-12.09) 12.13 0.066 

(12.05-12.23) 12.34 0.035 
(12.30-12.40) 

12 11.78 0.108 
(11.55-11.90) 11.77 0.072 

(11.63-11.88) 11.98 0.046 
(11.92-12.10) 

All subjects 11.80 0.84 11.88 0.092 12.07 0.051 
ELD = external limbal diameter; std dev = standard deviation. 

  



 

Table 4. Per subject and group estimates of the ILD. Each column presents the mean and standard 
deviation of two manual operators and automatic corneoscleral limbus identification. 

 
Operator A Operator B Automatic 

method 

Subject Mean ILD 
[mm] 

std dev [mm] 
(range) 

Mean ILD 
[mm] 

std dev [mm] 
(range) 

Mean ILD 
[mm] 

std dev [mm] 
(range) 

1 11.09 0.048 
(11.00-11.17) 11.20 0.067 

(11.03-11.33) 11.24 0.035 
(11.20-11.30) 

2 11.15 0.071 
(11.04-11.31) 11.31 0.111 

(11.17-11.52) 11.22 0.055 
(11.16-11.39) 

3 11.41 0.062 
(11.26-11.51) 11.55 0.096 

(11.29-11.68) 11.46 0.032 
(11.40-11.50) 

4 12.01 0.078 
(11.91-12.15) 12.10 0.108 

(11.89-12.27) 12.07 0.028 
(12.03-12.12) 

5 11.91 0.062 
(11.82-12.04) 11.80 0.114 

(11.59-11.98) 11.56 0.069 
(11.45-11.67) 

6 12.03 0.034 
(11.95-12.08) 12.24 0.095 

(12.04-12.42) 12.06 0.099 
(11.92-12.20) 

7 11.82 0.047 
(11.75-11.93) 11.93 0.075 

(11.80-12.07) 11.77 0.067 
(11.64-11.85) 

8 11.04 0.045 
(10.95-11.11) 11.21 0.043 

(11.14-11.29) 10.85 0.075 
(10.71-10.99) 

9 11.97 0.064 
(11.88-12.09) 12.07 0.068 

(11.97-12.17) 11.94 0.024 
(11.91-11.98) 

10 11.70 0.050 
(11.63-11.79) 11.77 0.045 

(11.72-11.88) 11.65 0.029 
(11.61-11.69) 

11 11.51 0.034 
(11.47-11.60) 11.61 0.063 

(11.54-11.74) 11.53 0.053 
(11.43-11.58) 

12 12.11 0.040 
(12.04-12.17) 12.17 0.034 

(12.12-12.24) 12.07 0.028 
(12.02-12.12) 

All subjects 11.65 0.053 11.75 0.077 11.70 0.50 
ILD = internal limbal diameter; std dev = standard deviation. 
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Appendix 

Appendix 1. Description on how the local curvature can be estimated for the discrete set of data points 
obtained from OCT data processing (segmentation). This description should give an overview of the local 
corneal curvature calculation and should be helpful in implementation of the automatic method of limbal 
points localization on the anterior surface of the cornea to the custom processing software. 

Appendix Figure A1. Results of Bland-Altman analysis. Agreement for ELD (A and B) and ILD (C and D) 
compared for measurements obtained by means of automatic method and manual processing by human 
operators. The bias (median) is marked as a solid red line. The 95% confidence intervals of the bias are 
shown as dashed red lines. The limits of agreement are shown as solid black lines. The values of particular 
parameters are listed within each plot. 
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Figures 

 

 

Figure 1. (A) Diagram of the corneal, limbal and scleral areas that can be viewed from the front of the eye. 

Black lines note the sections B and C explained in the corresponding diagrams. (B) Cross-sectional view of 

the anterior segment with its structures listed in the frame. (C) Schematic presentation of details of the 

limbus area. The limbal area is anatomically confined by the following points: peripheral boundary point 

of Vogt’s palisades (marked with 1), the most peripheral point of Bowman’s layer (2), the peripheral point 

of the corneal endothelium (3) and the scleral spur (4). Point of the most extreme change in the local 

curvature (marked with 5) is located between points (1) and (2). This point can be identified as the 

corneoscleral sulcus. 

 

 

 



 

Figure 2. (A) An exemplary OCT image of the whole anterior segment captured by means of the Casia 2 

OCT. Bars shown in the bottom left corner represent 1mm. (B) Presentation of the surfaces segmented 

from the raw OCT data (solid lines) and corrected from optical distortion (dashed lines). Iris and lens 

boundary data is shown for illustration purpose but not required for the limbus estimation. 

 

 

 

 

 



 

Figure 3. (A) Curvature profile of the anterior ocular surface obtained from the real OCT data. Red dashed 

lines indicate the local curvature equal to zero. (B) Thickness profile of the cornea. Red dashed lines 

indicate the local maxima of the thickness profile. 

 



 

Figure 4. Passing-Bablok regression graphs for ELD (top row) and ILD (bottom row) calculated for the 

proposed automatic method and the manual identification of the limbal points by observer A (A,C) and 

by observer B (B,D). 

 



 

Figure 5. Comparison of results of subjective and automatic limbal points estimation on the example of 

the OCT data captured for Subject 6. The whole tomogram (raw data, uncorrected from optical distortion) 

with marked points obtained by manual identification (x) and automatic method (o). Bars shown in the 

bottom left corner represent 1 mm. The areas in the rectangles are magnified in the insets (A) and (B). 




