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ABSTRACT  

Optical coherence tomography (OCT) is used to produce high-resolution three-dimensional images of the retina, which 

permit the investigation of retinal irregularities. In dry age-related macular degeneration (AMD), a chronic eye disease 

that causes central vision loss, disruptions such as drusen and changes in retinal layer thicknesses occur which could be 

used as biomarkers for disease monitoring and diagnosis. Due to the topology disrupting pathology, existing 

segmentation methods often fail. Here, we present a solution for the segmentation of retinal layers in dry AMD subjects 

by extending our previously presented loosely coupled level sets framework which operates on attenuation coefficients. 

In eyes affected by AMD, Bruch’s membrane becomes visible only below the drusen and our segmentation framework is 

adapted to delineate such a partially discernible interface. Furthermore, the initialization stage, which tentatively 

segments five interfaces, is modified to accommodate the appearance of drusen. This stage is based on Dijkstra's 

algorithm and combines prior knowledge on the shape of the interface, gradient and attenuation coefficient in the newly 

proposed cost function. This prior knowledge is incorporated by varying the weights for horizontal, diagonal and vertical 

edges. Finally, quantitative evaluation of the accuracy shows a good agreement between manual and automated 

segmentation.  

 
 

Keywords: Optical coherence tomography , attenuation coefficient, Dijkstra's algorithm (up to 8 keywords) 

 

1. INTRODUCTION  

Optical coherence tomography (OCT) is a non-invasive imaging technique that produces high-resolution, three-

dimensional images of the retina
1
 in which pathological irregularities of the retinal structure can be investigated. In dry 

age-related macular degeneration (AMD), a common sight-threatening disease with an increasing prevalence due to the 

aging population
2
, several changes in the retina occur. First, the inner

3,4
, outer

5
 and total

6
 retinal thicknesses change. 

Second, drusen (extracellular deposits) occur between the retinal pigment epithelium (RPE) and Bruch’s membrane
7,8

. 

As such, both drusen volumes and thicknesses of various retinal layers are of interest as potential biomarkers for disease 

monitoring and diagnosis. Since manual segmentation is tedious, time consuming and has poor reproducibility, 

automatic segmentation of retinal layers and drusen in dry AMD is needed.  

 

Figure 1. An example of an attenuation coefficient B-scan of an eye affected with dry AMD. The asterisk indicates the 

elevation of the RPE due to drusen, whereas the arrow indicates Bruch’s membrane which becomes visible below the large 

drusen deposits.  
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However, automatic segmentation or retinal layer remains a challenging task in retinas affected by dry AMD as the 

presence of drusen affects the morphology of the retinal layers. Furthermore, drusen can vary in size, shape and location. 

Finally, Bruch’s membrane, which becomes separated from the RPE, often has a low contrast. Figure 1 shows an 

example of a B-scan from an eye affected by dry AMD in which some of the segmentation challenges are indicated. So 

far, existing segmentation approaches focused on the segmentation of the drusen
9,10,11

. These approaches provided 

segmentation of only three interfaces between the layers: the vitreous – retinal nerve fiber layer (RNFL) interface, the 

RPE boundary and Bruch membrane. Only a few approaches performed segmentation of multiple layers in the retinas 

affected by dry AMD
12,13

. However, these approaches either focused on examining retinal layer texture without 

evaluating the accuracy of the layer segmentation
12

 or the retinal layer segmentation was evaluated only on healthy 

retinas
13

. Finally, Niu et al. reported that their segmentation approach failed in segmenting of retinal layer boundaries in 

the presence of drusen
14

.  

Here, we present a method for the segmentation of the retinal layers in dry AMD subjects by extending our previously 

proposed loosely coupled level sets (LCLS) framework, which was already shown to be accurate on healthy and 

glaucoma affected eyes
15

. All layers are segmented simultaneously with the coupling strength being based on the 

incorporated prior knowledge such as the layer order and the expected thickness range. The approach operates on 

attenuation coefficients, an optical property of the tissue not affected by some common imaging artefacts
16

. Due to 

pathological changes in the retinal structure that occur in eyes affected by dry AMD, several modifications of our 

original approach were needed. The first major modification was the introduction of an additional interface which 

corresponded to Bruch’s membrane. This membrane can be challenging to segment, as it is only visible below the drusen 

and has very low contrast. In areas without drusen, this membrane becomes indiscernible from the RPE boundary. With 

this additional interface, the presented approach segments eight interfaces. The second major modification was 

performed in the initialization stage of the approach. The initialization aims to roughly segment five interfaces based on 

Dijkstra's algorithm
17

, however, the cost functions for several interfaces were modified. Some of the added modifications 

reflect the prior knowledge about the appearance of the layers in dry AMD (e.g. Bruch’s membrane is a smooth, almost 

flat interface, in contrast to the inner segment (IS) boundary which can become irregular and curved due to drusen). This 

knowledge was incorporated in the cost function by favoring either horizontal, vertical or diagonal edges. Furthermore, 

in addition to gradient weighting of the directional derivatives, for some interfaces the attenuation coefficient values 

were added to the cost function. Several minor modifications, which included adaptation of the size of the used 

smoothing filters , were also introduced. 

 

2. RETINAL LAYER SEGMENTATION 

First, we briefly introduce the level sets framework (2.1), then we present solutions to deal with pathological changes in 

retinal structures that occur in eyes affected by dry AMD: the presence of additional interface (section 2.2) and 

adaptation of the initialization for the level set propagation (section 2.3) as well as the changes in the actual layer 

segmentation framework (section 2.4).  

 
2.1 Introduction to loosely coupled level sets (LCLS) segmentation for retinal layer segmentation 

The LCLS method consists of several steps, which include pre-processing, retinal feature detection, noise suppression 

and the actual layer segmentation. All interfaces between layers are segmented simultaneously based on a probabilistic 

framework which incorporates image data and prior knowledge about the retina. In this approach, every interface 𝐶𝑖 is 

represented by its own level set function 𝜙𝑖, which is propagated according to: 

 
𝜕𝜙𝑖

𝜕𝑡
=  −Δ𝑡((Pr(𝑙𝑖|𝜇) − 0.5) + 𝛼𝜅𝑖 + 𝛽𝜁𝑖)|∇𝜙𝑖| , (1) 

where Pr (𝑙𝑖|𝜇) is the probability of a voxel to belong to layer 𝑙𝑖, 𝜇 the attenuation coefficient of that voxel, and 𝜅𝑖 and 𝜁𝑖  

the interface-specific geometric regularization terms. The weights of different terms are denoted by 𝛼 and 𝛽, while Δ𝑡 is 

the time step. A more detailed description of the contribution of each individual term to the update of the level set 

function and processing steps can be found in our original paper
15

. Figure 2 shows an example of a segmentation result 

superimposed on an attenuation coefficient image of a healthy retina and includes some used OCT terminology.  
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Figure 2. An example of the segmentation results obtained with our previously presented method on an attenuation 

coefficient B-scan of a healthy subject. The abbreviations of the layers are as follows (from top to bottom): vitreous, RNFL, 

GCL with IPL, INL, OPL, ONL, IS with RPE, choroid. The 3D coordinate system is indicated with arrows in the top left 

corner. The vertical red line indicates an A-line. Notations used for layers (l1,l2) and interfaces (C1,C2) in the segmentation 

framework are shown with white letters. 

2.2 Bruch’s membrane as an additional interface  

As a result of the accumulation of extracellular material between Bruch’s membrane and the RPE in eyes affected by dry 

AMD, Bruch’s membrane is no longer adjacent to the RPE, but becomes separated and therefore visible. Since our 

previous approach did not include Bruch’s membrane, an additional interface (𝐶8)  that corresponds to this membrane is 

introduced in this extension. This interface is allowed to move arbitrarily close to the RPE boundary thereby creating an 

extra layer only if necessary to delineate the drusen. The resulting extra layer between the RPE and Bruch’s membrane 

can be used to measure drusen volume and drusen height.  

2.3 Initialization of interfaces 

Propagation of the level set functions is done by simultaneously solving a set of partial differential equations that drive 

the current segmentation of the retinal interfaces to its minimum energy state. A rough initial indication of interfaces 

between the layers was found by using a minimum cost path search applied to individual B-scans. The general cost 

function was computed using the following expression: 

 𝐶 =  
(1−𝑓(±𝑔𝑧∗𝐼))+𝑤2𝑓(±𝐼) 

𝑤1
, (2) 

where 𝐼 is the image (positive sign) or its negative (negative sign) and 𝑔𝑧 the Gaussian derivative in axial (z) direction 

favoring either bright-to-dark (negative sign) or dark-to-bright (positive sign) transitions. The function 𝑓(𝑥) was defined 

as 𝑓(𝑥) =
𝑥−min(𝑥)

max(𝑥)−min(𝑥)
. Finally, two weights (𝑤1 , 𝑤2) are used, where 𝑤1 is associated with the prior knowledge about 

the shape of an interface and weight 𝑤2 controls the contribution of attenuation coefficient values in the cost function. 

Attenuation coefficient values are included in the cost function to create a slight bias towards the thickest layers in the  

 

Table 1. Summary of the weights used to initialize different interfaces. As cost is relative, only the ratio between the 

horizontal, vertical and diagonal costs is relevant. Thus, the cost for vertical edges is set to 1 and the cost for diagonal and 

horizontal edges was adjusted according to the expected shape of an interface. 

Interface Weight for node connections (𝒘𝟏) 
Weight for att. coef. (𝒘𝟐) 

 Horizontal Diagonal 

Vitreous-RNFL w1 = 1 w1 = 1 w2 = 0 

INL-OPL w1 =  √2 w1 = 1 w2 = 0.5 

OPL-ONL w1 =  √2 w1 = 1 w2 = 0.5 

IS boundary 𝑤1 =1/20 √2/20 w2 = 0.7 

Bruch’s membrane w1 = 2 w1 = 1 w2 = 0.5 
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region of interest (low values will have a low cost) which ensure that the shortest path search does not start to follow a 

neighboring interface of the same transition type. Furthermore, the negative of the image was used only for the INL –

OPL interface. A summary of the weights used per interface is given in Table 1. Interfaces were initialized in a 

sequential manner. First,  Bruch’s membrane was initialized, followed by the inner and outer boundaries of the retina 

(the vitreous – RNFL interface and the IS boundary). Finally, the INL – OPL interface was segmented followed by the 

initialization of the OPL – ONL interface. The other interfaces were initialized at a spatially varying distance from the 

interfaces that were already segmented in accordance with previously reported layer thicknesses
18

.  

2.4 Retinal layer segmentation 

After the initialization of interfaces (section 2.3), level set segmentation was performed on individual B-scans. As 

mentioned, an additional interface (𝐶8) was introduced, however, this interface was not propagated with the level set 

function, but remained fixed. Further, the RPE boundary was not allowed to propagate beyond Bruch’s membrane. Other 

changes include adding maximal thickness priors for INL, OPL and ONL, which were set to 70, 60 and 120 µm, 

respectively. Additional minimal thickness prior was added for GCL+IPL and set to a value of 16 µm. The prior 

probability on attenuation coefficient was modelled as an error function with three parameters that controlled the 

threshold (𝜇𝑐), slope (𝜎) and magnitude (𝛾) of the prior probability. The slope and threshold of this prior probability 

were changed to values reported in Table 2. Further, similarly as in our previous approach, images were smoothed by 

using a steerable Gaussian filter
19

 based on the orientation obtained from the 2D structure tensor
20

. However, the scales 

for computing the orientation and for smoothing the images differed from our original approach due to the drusen which 

disturb the morphology of the retina. The scale of the Gaussian derivatives to compute the gradient was set to 20 µm and 

the Gaussian tensor smoothing was set to be 80 µm along a B-scan and 20 µm across a B-scan. The filtering was 

performed only along the estimated orientation with a Gaussian filter of standard deviation 16 µm.  

 

3. EXPERIMENTS 

3.1 Data 

Volumetric retinal OCT scans from patients suffering from dry AMD were obtained from a publicly available dataset
21

. 

Macular scans of five dry AMD patients (one eye per patient) were acquired with a Spectralis OCT system, however the 

raw OCT volume scans were not available. The exported datasets contained images in a tagged image file format. For 

more details on the used scan protocols, we refer the reader to Srinivasan et al.
21

 Two B-scans with drusen were 

randomly selected from each volumetric scan for manual annotation. Manual segmentation was done on a slice-by-slice 

basis by a medical doctor using ITK-SNAP (publicly available at http://www.itksnap.org).  The expert was asked to 

delineate the following interfaces: the vitreous - RNFL, the RNFL - GCL, the IPL - INL, the INL - OPL and the OPL - 

ONL, as well as the IS and RPE posterior boundary and Bruch’s membrane. 

 

Table 2. Parameter values for priors on attenuation coefficient .  Magnitude (𝛾) remained the same as in our original paper 

and was set to a value of ±0.45. 

 𝝈 𝝁𝒄(𝒎𝒎−𝟏) 

Vitreous-RNFL 0.25 0.09 

RNFL - GCL 2 0.86 

IPL - INL 6 0.23 

INL-OPL 6 0.23 

OPL-ONL 6 0.23 

IS boundary 6 0.64 

RPE posterior boundary 1 5 
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3.2 Accuracy evaluation 

A qualitative evaluation of the presented method on eyes affected by dry AMD was performed. The accuracy was 

determined by comparing the results of the automatic algorithm with the manually segmented data. For interfaces, the 

root-mean-square error (RMSE) and the mean-absolute deviation (MAD) were computed. The A-lines crossing the 

retinal vasculature were excluded in calculating the errors. For drusen, the Dice coefficient was used to assess the 

segmentation results. 

Table 3 provides results on the accuracy of the automatic method. An error of 3.9 µm corresponded to one pixel along 

the A-lines. The accuracy of interface segmentation showed an RMSE ranging from 4.4 µm to 14.1 µm and an MAD 

ranging from 3.9 µm to 10.5 µm. The Dice coefficient was 0.81. Further, in Figure 3, an example of the automatic and a 

manual segmentation are depicted.  

From the obtained segmentation one can create thickness maps of different layers.  Examples of possible applications, 

such as drusen height and a thickness map of the ganglion cell complex (GCC; the combination of the RNFL, the GCL 

and the IPL) are shown in Figure 4. Drusen volume was shown to correlate with retinal sensitivity
8
, whereas the GCC 

layer was shown to have a reduced thickness in eyes affected by AMD
4
. These maps were created by measuring the 

distance along every A-line between the RPE posterior boundary and Bruch’s membrane and between the vitreous-

RNFL interface and the GCL+IPL – INL interface, for drusen height and GCC thickness, respectively. 

 

Table 3. Accuracy evaluation on eyes affected by dry AMD 

 RMSE (µm) MAD (µm) 

Vitreous-RNFL 4.4 3.9 

RNFL - GCL 8.6 5.9 

IPL - INL 7.5 4.6 

INL-OPL 10.1 6.5 

OPL-ONL 9.6 6.1 

IS boundary 8.0 3.9 

RPE posterior boundary 14.1 10.5 

Bruch’s membrane 6.9 5.5 

 

 

Figure 3. The automated (left) and a manual segmentation (right) result superimposed on the attenuation coefficient image 

of an eye affected with dry AMD. 
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Figure 4. The generated spatial maps of drusen height (left) and the thickness of the GCC layer (right). 

 

4. DISCUSSION 

This paper presents a solution for the segmentation of interfaces between retinal layers and drusen in eyes affected by 

dry AMD based on a loosely coupled level sets approach. The solution, in addition to retinal layers,  performs 

segmentation of Bruch membrane’s and incorporates prior knowledge about the appearance of drusen into the 

initialization stage of the approach via a newly proposed cost function.  

A good agreement was found between the segmentation performed manually by a medical doctor and those obtained 

from the automatic segmentation, with an MAD that varied between 3.9 – 10.5 µm (1 – 2.7 pixels) and a Dice coefficient 

of overlap of 0.81. Several other drusen segmentation approaches known in the literature reported overlap ratio for 

drusen segmentation of 67 %
11

 and MAD for the interfaces that surround the drusen in the range of 3 - 6 µm
13

 which is in 

a similar range as our results. In contrast to these approaches, our approach segmented and evaluated the segmentation of 

other retinal layers as well. 

Overall, our method provides an accurate method to segment retinal layers and drusen. By performing segmentation of 

retinal layers in eyes affected by dry AMD, our proposed LCLS method becomes more generalized as it is also capable 

of handling topology disrupting diseases such as dry AMD. Future work includes extensions to other retinal diseases, 

such as central serous retinopathy. 
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