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Accepted: 13 March 2025 architectures. For example, the U-Net has become one of the most widely used
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original U-Net architecture have been proposed, with the aim to improve the
segmentation performance. Most studies utilizing ophthalmic images, such as
optical coherence tomography (OCT) and scanning laser ophthalmoscopy (SLO),
have employed U-Net methods and their variations for segmentation. Given the
multitude of U-Net variations, selecting the optimum model for ophthalmic image
segmentation may be challenging, and other factors that may impact the model’s
segmentation performance, such as image complexity and its impact on model
selection, have been largely unexplored. Thus, in this study, the segmentation
performance of three models, including a baseline U-Net, a popular U-Net
variation (U-Net++), and a segmentation architecture with a different approach
(DeepLabV3), are compared, analyzing how these different methods may vary for
OCT and SLO datasets with various levels of segmentation task complexity. To
analyze the effect of image complexity on segmentation performance, several
metrics are extracted, including the image entropy of the datasets at the pixel level,
the texture level, and the global features level. The results demonstrate a
relationship between the complexity of the images in a dataset and the performance
of the segmentation model used for the specific task. Data complexity may serve
as a metric to inform DL model selection or aid in the early design process.
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1. Introduction

Ophthalmic imaging modalities, such as optical coherence tomography (OCT) and scanning laser
ophthalmoscopy (SLO), have become fundamental for monitoring ocular health and diagnosing ophthalmic
conditions. These technologies can capture high-resolution en face or cross-sectional images of the eye’s posterior
tissues (the retina and choroid) in a non-invasive manner.
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These ophthalmic imaging modalities allow clinicians to assess ocular health, monitor the progression of retinal
diseases, or evaluate the efficacy of treatments. To meet these clinical needs, quantitative biomarkers such as
thickness metrics need to be extracted from the images. These quantitative clinical biomarkers require areas of
interest within the image to be segmented with high accuracy and precision. This task can be time-consuming and
prone to bias when performed manually by a human observer. ldeally, this image segmentation task can be
automated using state-of-the-art deep learning (DL) computational models.

To date, DL models have been shown to achieve the repeatability and accuracy required for segmenting these
types of medical images, demonstrating comparable performance to the current gold standard—expert human
observers—especially when using models typically based on the encoder-decoder architecture (most commonly U-
Net-based methods) [1-3]. This encoder-decoder architecture includes two main branches: the first branch
downsamples the input image through a series of convolutions and pooling operations to capture the context of the
image (encoder branch), generating a map with the extracted features of the image. The second branch applies the
inverse operation to the generated map, upsampling the image to regain the original spatial information, thereby
increasing the detail of the identified objects and generating the segmentation output (decoder branch).

When considering retinal OCT images, numerous DL examples have demonstrated highly accurate semantic
segmentation performance of retinal and choroidal tissues [4-14] and anomaly detection [15-19]. As for SLO images,
DL studies in the literature have focused on segmenting cone photoreceptors [20-23], retinal microaneurysms
[24], or classifying glaucoma using convolutional neural networks (CNNs) [25]. In a recent literature review in
the area of ophthalmic image analysis, a large portion of the segmentation studies proposed to date were noted to
have utilized models with a U-Net encoder-decoder-based architecture [26].

The U-Net architecture has also become one of the most popular for semantic segmentation in other medical
imaging domains. This model has demonstrated excellent performance in segmenting a range of medical images
such as magnetic resonance, microscopy, dermoscopy, ultrasound, and X-ray, among others [27,28]. Due to its
popularity and comparable performance to human observers, different variations of the architecture have been
proposed, such as 3D U-Net [29], attention U-Net [30], recurrent U-Net [31], and U-Net++ [32], among others
[27].

Given the large number of DL models, such as the various U-Net variations, it is not always clear how to
select the most optimal segmentation model for a particular task. A study by Kugelman et al. [3] demonstrated
that for four different OCT datasets, the benefit of U-Net variations was almost negligible when compared to the
standard U-Net that served as a baseline for the segmentation task. This suggests that the standard U-Net model
may be reliable for learning the features needed to perform well on the OCT segmentation task, but the use of
more complex U-Net variations (deeper layers and a greater number of parameters), or DL architectures with a
different approach (i.e., multiscale, increased resolution) may be needed for more complex datasets. Several
studies, such as [33] and [34], have analyzed the impact that the complexity of dataset images can have on the
training of DL segmentation architectures. These studies have demonstrated a relationship between the
performance of segmentation models and the complexity of the datasets, which may help in choosing the best
model for a specific dataset and segmentation task. In the contest of medical imaging analysis, such as OCT and
SLO segmentation, the link between model performance and data complex has not been explored.

In this study, the segmentation performance of a baseline U-Net model is compared to another U-Net-based
model (U-Net++), and a different DL architecture that focuses on extracting multiscale features (DeepLabV3)
[35]. The models are tested on two different ophthalmic imaging modalities (OCT and SLO images) with images
from both healthy and diseased eyes. This allows an investigation of how the various methods could aid in
segmenting datasets of different complexity, including retinal and choroidal tissue segmentation in OCT images
and anomaly segmentation in SLO images. To further explore the aspect of image complexity, an additional
analysis is performed on the datasets to map the complexity of the images within the dataset and further
explore how the complexity metrics relate to the segmentation performance of the trained models.

The rest of this study is divided into 5 sections, with Section 2 describing each of the datasets used. Section
3 presents each of the methods used in this study and the defined experiments. Section 4 describes the results and
discusses both the segmentation and complexity analysis. Finally, in Section 5, the conclusions of the study are
presented.

2. Dataset

For the purposes of this study, two different posterior eye imaging modalities were used to assess the impact
of dataset complexity on the DL segmentation performance. These two different imaging modalities include:
OCT imaging that provides cross-sectional images of the posterior segment of the eye providing details of the
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retinal and choroidal tissues, and en-face “front-on” SLO images of the posterior segment of the eye. The details
of each dataset are provided below. No preprocessing was applied to either dataset, as most DL methods are
designed to work with raw and unprocessed images.

2.1. OCT Dataset

Two different OCT image datasets were used to explore the relationship between image complexity,
segmentation performance and network architecture. The first OCT dataset from healthy children, which will be
referred in this study as the Paediatric OCT dataset, has been presented in a previous study [36]. It contains OCT
images from 100 healthy children aged between 10 and 15 years (mean age, 13.1 1.4 years). The dataset was
captured using the Spectralis OCT instrument (Heidelberg Engineering, Heidelberg, Germany), with the automatic
real-time tracking modality (ART) enabled, and frame averaging to reduce speckle noise. The participants attended
four visits with a six-month period between each visit. For each participant and visit, one set of six radial B-scans of
1536 =512 pixels centred at the fovea and separated by 30 degrees were acquired right eyes. Approval from the
Queensland University of Technology human research ethics committee was obtained before commencement of
the study, and written informed consent was provided by all participating children and their parents.

From this Paediatric OCT dataset, only a subset of the images with quality index (QI) over 20 dB was used
(mean QI from all images was 33 %3 dB), which included a total of 2135 OCT images obtained from 98 subjects
belonging to the first and last visits of the dataset (18 months apart between these two visits). These images were
split into three groups: the training set consisting of 1293 images belonging to 59 subjects; the validation set
consisting of 429 images belonging to 20 subjects; and the evaluation set consisting of 413 images belonging to
19 subjects. For the segmentation task, the annotations to delineate the full retinal and choroidal tissues were used.
The three annotated boundaries include (from top to bottom of the image): the internal limiting membrane (ILM),
the retinal pigment epithelium (RPE) and the choroid scleral interface (CSI) boundaries. The retinal tissue is
located between the RPE and ILM, while the choroidal tissue lies between the RPE and the CSI. Figure 1 presents
an example of an annotated OCT image belonging to the Paediatric OCT dataset, where the retinal and the
choroidal area annotations used to train each of the segmentation models are shown. It is worth noting that
within each image, the segmentation of these boundaries represents a task of varying complexity, which may affect
the tested models. It is expected that the choroid segmentation is a more complex task due to the lower contrast and
less well-defined CSI boundary while the retinal boundaries have a more homogenous appearance across and
within the dataset, representing a less complex task.

Figure 1. Example of the Paediatric OCT dataset, showing the original OCT images (left side) and their
corresponding mask (right side). The retinal region is delineated in red while the choroidal tissue is in blue.

The second OCT dataset, referred to as Stargardt OCT dataset, consisted of retinal images of patients with
Stargardt disease at various levels of progression [37]. This dataset was selected to compare how the retinal
segmentation performance can be affected when more variability in the retinal tissues (due to the presence of
pathology) is presented, thus adding complexity to the segmentation task in comparison to the use of the more
homogenous data (i.e., shape, contrast, boundaries and level of noise) from the Paediatric dataset belonging to
healthy eyes. To capture this Stargardt OCT dataset, 22 patients with an established diagnosis of Stargardt disease,
had a series of SD-OCT scans captured using the Spectralis OCT+HRA device (Heidelberg Engineering,
Heidelberg, Germany). The scanning protocol consisted of 61 raster lines covering an area of 30 <25 degrees
(8.8 mm horizontally =< 7.2 mm vertically) of the macula. The dataset consists of a total of 177 high-resolution
volumetric scans (1536 %512 pixels) captured from both eyes of each patient. The capture process consisted of
non-regularly spaced visits, with a different number of visits per patient. Typically scans from the first and last
visit were used, to add more variability into the data. Approval to identify and use SD-OCT images from
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patients with genetically confirmed Stargardt disease for developing segmentation methods was obtained from the
Human Ethics Office of Research Enterprise, The University of Western Australia (RA/4/1/8932 and RA/4/1/7916)
and the Human Research Ethics Committee, Sir Charles Gairdner Hospital (2001-053).

For this Stargardt OCT dataset, a subset of images was selected with those subjects who presented more
visual variability between the first and last visits (disease progression), obtaining a final dataset composed of a
total of 2430 images divided in three groups: 1457 images from 8 subjects for training, 487 images from 2 subjects
for validation, and 486 from 2 subjects to test the trained models and report the results. Figure 2 presents different
examples of the Stargardt OCT dataset, showing the different stages of the disease and the variation in the retinal
tissue. For this dataset, only the boundaries that delineate the full retinal tissue were available (ILM and RPE), so
the analysis and performance comparison was only performed on the retinal tissue.

Figure 2. Example images of the Stargardt OCT dataset, at different stages of progression (less advanced at the
top, to more advanced at the bottom). The original OCT image (left side) and their corresponding mask (right
side) are shown. The retinal region is delineated in red.

2.2. SLO Dataset

For the SLO dataset, fundus autofluorescence images captured with two different excitation wavelengths:
infrared (787 nm) (SLO-IRAF) and short (488 nm) (SLO-AF) wavelength were used. The images were centred
on the fovea (30 > 30 degrees) and captured using the Heidelberg Spectralis OCT+HRA system (Heidelberg
Engineering, Heidelberg, Germany) in both eyes of patients with a clinical diagnosis of retinitis pigmentosa.
Clinical assessments were conducted by a retinal specialist (FKC) and eyes were dilated (tropicamide 1% and
phenylephrine 2.5%) prior to image acquisition. High-resolution images (1536 %1536 pixels) were acquired with
the ART modality enabled. Image acquisition was performed by trained retinal imaging technicians. Patients with
eccentric fixation were asked to shift their gaze to ensure that centre of the fovea aligned with the centre of the field
of view. This study adhered to the tenets of the Declaration of Helsinki. Ethics approval was obtained from the
human ethics committee of the University of Western Australia (2021/ET000251) and the Human Research Ethics
Committee, Sir Charles Gairdner Hospital (2001-053). Written informed consent was obtained from all participants
for their data to be used for research purposes.

The SLO autofluorescence imaging modality provides information on RPE integrity and can be regarded as
an indirect marker of retinal health. For this dataset, the analysis was focused on the segmentation performance
for defining the extent of retina affected by retinitis pigmentosa by delineating the boundary between hypo-
fluorescent and hyper-fluorescent regions. The two different image wavelengths provide complementary
information on the health of the RPE and show different features. For each image, using the manual annotations
of the boundary between hyper-fluorescent and hypo-fluorescent retinal tissue, a segmentation mask for each
annotated image was generated. Two sets of images were defined from the SLO images, with the SLO-IRAF
dataset of infrared autofluorescence images and the SLO-AF dataset of short wavelength autofluorescence images.
For each SLO image dataset, a total of 1100 images from 110 patients were used for this study, which were divided
in 660 images for training, 220 for validation, and 220 for test. Figure 3 provides a graphical example of two SLO-
AF and two SLO-IRAF images with their respective segmentation masks.
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SLO-IRAF

Figure 3. Example images from the SLO-AF and SLO-IRAF datasets with the presence of retinitis pigmentosa
with different shapes and sizes, and their corresponding mask annotated in blue.

A total of four different datasets were used to compare the segmentation performance: “Paediatric OCT
dataset”, “Stargardt OCT dataset”, “SLO-IRAF dataset”, and “SLO-AF dataset”. For all datasets, the data was
divided to ensure different subjects were allocated in each set, thus avoiding mixing the images from subjects used
for training, testing, and evaluating the models, assessing only images from new ‘unseen’ subjects.

3. Methods & Experiments

3.1. U-Net

Presented by Roenneberger et al. in [38], the U-Net architecture was developed based on the use of fully
convolutional networks (FCN) [39], with the main difference being that U-Net concatenates the feature maps
from each successive convolutional layer in the encoder branch to each layer in the upsampling step of the decoder
at the same level, sharing context information to higher resolution layers and forming a symmetric U-shaped
architecture. The wide use of the U-Net architecture for medical imaging segmentation is due to its good
segmentation performance even while training with a limited number of images. This characteristic is a particularly
appealing feature for medical image segmentation applications, in which datasets are often hard to capture and
label, with many datasets only containing a limited number of annotated images.

The ‘standard architecture’ of the U-Net can be described in two parts: first, the encoder branch, in which,
each convolutional block is composed of two successive 3 %3 convolutions followed by a ReL U activation and a
max-pooling layer. These blocks are arranged to be repeated several times and generate the feature map that will
be used as the input for the decoder branch. For the second part of the U-Net architecture, the decoder up samples
the feature map (encoder output) using the same quantity of arranged blocks, consisting of a 2 <2 upsampler
operator, followed by the concatenation of the feature map from the corresponding decoder layer, to which two
successive 3 <3 convolution and ReL.U activation is applied. A final 1 <1 convolution is applied at the end of the
decoder branch to generate the segmented image with the required number of channels. Figure 4 illustrates an
example of the U-Net architecture.

A U-Net architecture was trained to perform the defined segmentation experiments with both OCT and SLO
imaging datasets, this network acts as a baseline reference model, which can be compared to the other
implementations. Added to this, for segmentation performance comparison, different backbones for the U-Net
architecture were tested. Namely ResNet50 [40], InceptionResNetV2 [41], and Xception [42], this was done to
analyse how the variation in the backbone depths (i.e., network complexity and learning capacity) may impact the
model performance.

3.2. U-Net++

In 2018, the authors in [32,43] proposed the U-Net++ architecture as a more powerful variation of the U-Net
for medical image segmentation. In their study, the authors identified a limitation of the original U-Net
architecture, where the skip connections are considered as being ‘too restrictive’, directly concatenating the output
of the up-sampling convolution layers to the feature maps from its corresponding encoder branch layer. This
combination of the high-level feature maps from the decoder with the low-level feature maps extracted from the
encoder, may often combine semantically dissimilar features [32], which may affect the segmentation performance.

In order to overcome this limitation, the authors proposed the use of nested, dense skip connections. By
using a dense network of skip connections inspired from DenseNet [44], the authors were able to propagate more
semantic information between the encoder and decoder branches, to obtain a more accurate segmentation
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performance. Figure 4 describes an example of the U-Net++ architecture, where the skip connections receive all
the feature maps from all previous steps at the same level, reducing the loss of semantic information between the
encoder and decoder branches, and which operation is defined as:

xii = { C(x'71h, j=0

C([ lk l 1 ( i+1,j—1)])’ j> 0 (1)

where x represents the feature map generated at the i and j index of the decoder branch level across the skip
connections. C(J represents the convolution and activation operation, U(J the up-sampling operation and []
represents the concatenation step.

In this study, the U-Net++ architecture was used to analyse how this widely used modified structure of a
baseline U-Net [27] could influence the segmentation performance. For comparison, the same backbone variations
from using the U-Net were applied to the U-Net++.

U-Net U-Net++ DeeplabV3
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Figure 4. Graphical summary of the three models used in this study, including the U-Net, a U-Net variation (U-
Net++) and different architecture (DeepLabV3) showing the differences between them. Where both U-Net based
architectures share the information of the features extracted at different levels of the backbone through transposed
convolutions and concatenation of the feature maps, while the DeepLabV3 architecture shares multi-scale
information through the atrous spatial pyramid pooling (ASPP), to then generate the prediction through a bilinear
up sampling layer. Three sub-sampling layers per backbone of the models are shown for simplicity, but each model
varies in depth according to the used backbone.

3.3. DeepLabV3

When proposing the DeeplLab architecture in [45], the authors considered a challenge present in the
application of DL for the semantic segmentation task related to the reduction of features’ resolution caused by the
consecutive convolution and pooling operations, and the existence of objects at multiple scales. To overcome this
challenge, the authors proposed the use of “atrous convolutions” (also known as dilated convolution) [46], which
has been applied in different DL studies [47-49]. These atrous convolutions allows full resolution and more dense
feature maps to be obtained, maintaining the detailed spatial information of the objects to be segmented.
Considering an input feature map x, for each location i on the generated output y and a filter w, the atrous
convolution is applied as follows:

yli] = Z x[i + 7 KJw[k] @
k

where r corresponds to the stride rate used to sample the input x, which is equivalent to convolving it using up-
sampled filters produced by inserting r — 1 zeros between two consecutive filter values.
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An updated version of the DeepLab architecture was presented in [50], where the authors proposed the use of
atrous spatial pyramid pooling (ASPP). Based on the success of the spatial pyramid pooling method of the R-
CNN architecture [51], where using feature maps with filters or pooling operations at multiple rates and multiple
scales can accurately and efficiently classify objects at multiple scales, the authors were able to improve the
segmentation performance of their previous DeepLab architecture.

DeeplLabV3 was presented in [35], where the authors discussed an important practical issue when applying
3 x 3 atrous convolutions in their DeepLab architecture, which fails to capture long range information when
atrous convolution rate is close to the feature map size, reducing the 3 <3 filter to a 1 %1, since only the
centre filter weight is effective [35]. To overcome this problem, the authors trained different models using cascade
and ASPP modules. DeepLabV3 uses both these modules, with a cascaded module which gradually doubles the
atrous rates while a ASPP module augmented with image-level features probes the features with filters at multiple
sampling rates and effective field of views. Figure 4 illustrates an example of the DeepLabV3 architecture,
comparing it with both the U-Net based ones.

The DeeplLabV3 with a ResNet50 backbone architecture was used to analyse how this semantic
segmentation state-of-the-art architecture, different from the U-Net, performed in comparison to U-Net based
architectures for OCT and SLO images.

3.4. Data Training

To train and test each of these architectures, the OCT images were cropped from their original size of 1536 x
512 pixels to three non-overlapping patches of 512 x 512 pixels each and those were fed to the network. The
training process run for 100 epochs, calculating a Dice overlap loss, and using the Adam algorithm (« = 0.001,
B1=0.9, f2=0.999, e =1 x1077) to minimise it. After the training process, the models with the best validation
Dice accuracy were chosen to perform the evaluation process. The same training parameters were used for the
segmentation of the square SLO images, which were resized to 512 <512 pixels.

Each of the segmentation architectures were implemented using the publicly available Segmentation Models
Pytorch library [52] on an Intel i7-9800X 3.80 GHz processor and Nvidia TITAN Xp GPU.

3.5. Performance Evaluation

To assess the segmentation performance of each architecture and across datasets, the commonly used Dice
coefficient metric was employed and compared in each experiment. All the values represent the mean of three
independent network runs, to ensure appropriate assessment of the network repeatability and stability.

Image Complexity

In order to analyse how the differences between the features in healthy and diseased OCT, and SLO images
can affect the segmentation performance of the methods, an image complexity analysis was performed. For this
analysis, three different metrics were calculated, which included the entropy of each dataset at pixel, texture, and
global levels. These metrics allow the information content at different levels of abstraction to be captured. The
entropy metrics serve as a measure of the variability and complexity of the dataset. For all three entropy metrics,
an increase in values indicates an increase in information and as a result the segmentation model may need to learn
more ‘complex’ or a larger amount of features.

The first entropy corresponds to the standard Shannon entropy, which gives information about the entropy of
a grayscale image at pixel level, defined as:

n-1
H= —Z pilogp; €))
i=0

where n is the number of grey levels and p is the probability of a pixel having a specific grey level i. This entropy
has been previously used as a complexity measure for semantic segmentation in autonomous driving [33], showing
that the pixel entropy of an image can be related to the first layers of the segmentation model which interprets pixel
distributions.

The grey level co-occurrence matrix (GLCM) gives a histogram of co-occurrences of grayscale values at a
given interval. This entropy measure helps to describe the complexity of texture features in an image. Defined as:
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Hy=- p(i,NHlogp(i.j) @)

where n is the number of grey levels and p(i, j) is the probability of two pixels having intensities i and j,
separated by the given interval. Previously used in [33], texture entropy is used to measure the image complexity
at a higher feature level, which can be related to the difficulty that segmentation models will have learning in the
middle or deeper layers, which are used to learn higher level features.

The last entropy measure calculated is the Delentropy, which is computed similar to the Shannon entropy but
based on a probability density function called deldensity. This allows the entropy to be calculated for the spatial
image structure and pixel co-occurrence, capturing global image features thanks to the deldensity function,
which is based on gradient vectors. This global entropy metric has been used for complexity measures in
medical imaging [34], and autonomous driving [33], showing that global image complexity measures can be
related to the performance of segmentation models at later layers.

These three types of entropy were calculated for each image belonging to each dataset to be able to relate how
their complexity may influence the segmentation results in the experiments. The values for the three different
metrics have not been normalized, so direct comparisons across the entropy metrics do not provide meaningful
information. Instead, comparisons can be made across datasets based on the relative entropy or complexity changes.

4, Results & Discussion

4.1. Segmentation Performance across Models

The results for the various dataset and architecture tests are described in Table 1. This table presents the
outcomes of the segmentation results (Dice coefficients) obtained when applying the various models for both the
OCT and SLO image datasets. The values in Table 1 presents the mean and standard deviation of Dice score from
three independent runs of each network, which allows appropriate assessment of the networks’ repeatability and
stability performance.

Table 1. Summary of the results, including the model characteristics (number of layer [depth]/parameters in
millions), and mean (standard deviation) Dice coefficient results after three repetitions training and testing each of
the used models with the Paediatric OCT dataset for retina (PD-RT) and choroid (PD-CH) segmentation, the
Stargardt OCT dataset for retina (SD-RT) segmentation, and with the SLO-AF and SLO-IRAF datasets for retinitis
pigmentosa segmentation.

Model UNet UNet++ DeepLabV3
Backbone Baseline  ResNet50  InceptionResV2 Xception ResNet50 InceptionResV2 Xception  ResNet50
Depth  162/0.5M 328/345M 1003/62 M 278/28.7 M393/50M  1068/71 M 343/34 M 297/41 M
OCT Segmentation performance

PD-RT 0.995 0.987 0.988 0.988 0.988 0.988 0.988 0.988
(0.001) (0.001) (0.001) (0.001)  (0.001) (0.001) (0.001) (0.001)

SD-RT 0.966 0.963 0.964 0.962 0.962 0.962 0.963 0.960
(0.005) (0.001) (0.001) (0.001)  (0.001) (0.002) (0.002) (0.002)

PD-CH 0.980 0.977 0.977 0.977 0.977 0.977 0.977 0.977
(0.001) (0.001) (0.001) (0.001)  (0.001) (0.001) (0.001) (0.001)

SLO Segmentation performance

SLO-AF 0.852 0.931 0.948 0.932 0.926 0.942 0.939 0.943
(0.018) (0.002) (0.004) (0.008)  (0.003) (0.008) (0.004) (0.003)

SLO-IRAF 0.925 0.954 0.958 0.956 0.955 0.960 0.953 0.959
(0.001) (0.002) (0.003) (0.002)  (0.001) (0.002) (0.002) (0.001)

For the OCT results, the best segmentation performance for the retinal tissue in both OCT datasets (Paediatric
and Stargardt) and the choroidal tissue for the Paediatric OCT dataset correspond to the baseline U-Net, obtaining
a Dice coefficient of 0.99 and 0.96 when segmenting healthy and diseased retina respectively, and 0.98 when
segmenting healthy choroid. This is to be expected since the retinal segmentation for the Stargardt OCT dataset
would be more complex than the Paediatric, thus resulting in a slightly lower Dice coefficient for retinal
segmentation. Similarly, the choroid segmentation task would be more complex than the healthy Paediatric retina
segmentation, thus the lower averaged Dice metric. It is worth noting that the variation across the tested methods
for the OCT image datasets is small, with absolute differences in Dice values being less than 0.01. Thus, for the
OCT dataset it seems clear that the baseline U-Net, which has a shallower depth than the other networks, may be
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sufficient to provide good segmentation performance for both healthy and disease examples. Deeper and more
complex models do not seem to be needed, since that requires an increase in the size of the segmentation model
and more computational resources but had limited positive impact on performance. This finding agrees with the
results of Kugelman et al. [3] showing only small performance differences across various U-Net models for a range
of OCT segmentation datasets.

Considering the results of the SLO images, the segmentation of the baseline U-Net provided the worst
performance overall, with a 0.85 Dice for the SLO-AF and 0.92 for the SLO-IRAF image capture modalities. In the
case of the SLO images, the results presented a larger variability across the different tested architectures than the
OCT images, with absolute differences in Dice values ranging by 0.09 and 0.03 for the SLO-AF and SLO-IRAF,
respectively. The best performance was obtained when training the U-Net with the InceptionResnetV2 backbone
for the SLO-AF images (Dice of 0.94) and the best performance with SLO-IRAF images obtained when using
the same backbone in a U-Net++ architecture (Dice of 0.96). Additionally, the results obtained with DeepLabV3
showed minor differences when compared to the best performance with the SLO images. Thus, in contrast to the
OCT dataset, different results are shown when assessing the SLO dataset, with more variability in the segmentation
performance across the different architectures. In this case, the lower performance was obtained for both AF and
IRAF scan modalities when using the baseline U-Net, which was the architecture with the best results for
segmentation of the OCT images while the InceptionResNetV2 backbone, which is the network with the deeper
architecture, provides the best performance. This suggests that, to segment the SLO dataset, a more complex
model may be required to provide good segmentation results.

Due to the larger variability in the SLO results, a qualitative graphical analysis was performed with the SLO
images segmentation results for various models. Figure 5 illustrates the segmentation outputs of each model
with the best encoder for the SLO-AF images. Although the figure presents only a few representative examples
from the segmentation with SLO-AF images, the difference in performance when using each of the segmentation
models is evident. The baseline U-Net, which was the model that gave best performance for the segmentation of
retina and choroidal tissue on the OCT images, showed the worst performance on the SLO images, able only to
segment small sections of the retinitis pigmentosa anomaly within the en-face images. After changing the backbone
of the U-Net architecture, a noticeable improvement in the segmentation output was observed. However,
inaccuracies were still noticeable, especially for some of the large anomalous regions. These segmentation
inaccuracies can also be noticed in the U-Net++ segmentation performance and DeepLabV3 but at a lower level. It
is also important to mention that for smaller anomalies, the segmentation seems to be more precise, reaching almost
the same shape as the manual annotations.

Original  Manual Baseline  U-Net U-Net++
Image Annotation U-Net IncptResV2 IncptResV2

DeepLabV3

Figure 5. Graphical examples of the segmentation results obtained with the SLO-AF images across various DL
models.

Figure 6 describes the segmentation outputs of each model with the best performance for the SLO-IRAF
images. Similar to the quantitative findings, the segmentation output of each segmentation model using the SLO-
IRAF images was better than SLO-AF. The performance is shown to be more consistent when compared with the
manual annotations, with the exception of the baseline U-Net, which also shows the worst performance for this
type of image modality.
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Figure 6. Graphical examples of the segmentation results obtained with the SLO-IRAF images across various DL
models.

4.2. Data Complexity Analysis

The following provides an overview of the analysis of the image complexity of the datasets after calculating
the three different entropy metrics based on different image features, to understand if the performance of the tested
models relates to the image complexity. Table 2 describes the average entropy obtained from all the images within
each of the OCT and SLO datasets. It is important to note that, across the three entropy metrics, the magnitudes
cannot be compared as they reflect different measurements, but comparisons of values across datasets should provide
an indication of the change in the information content for different imaging modalities.

Table 2. Mean (and standard deviation) of the calculated entropy of each dataset.

Dataset Shannon GCLM Delentropy
Paediatric 6.06 (0.42) 3.92(0.19) 4.53 (0.48)
Stargardt 6.27 (0.29) 3.42 (0.39) 4.90 (0.36)
SLO-AF 7.28 (0.22) 3.84 (0.63) 5.70 (0.35)

SLO-IRAF 7.01 (0.25) 3.96 (0.52) 5.83(0.27)

From these results, a number of observations can be made: (i) for the two OCT datasets, across the three
entropy metrics, small differences are observed, with the Stargardt OCT dataset presenting higher values
(increased complexity) in two (pixel and global entropy) out of the three metrics when compared to the Paediatric
OCT dataset. The relatively low differences in entropy between the two OCT dataset, may indicate small
differences between the datasets, which also had similar segmentation results. The higher entropy metrics may
indicate a greater challenge to learn image features at top (pixel level) and bottom (global level) layers of the model
when using the Stargardt OCT dataset, affecting the performance of the model. (ii) When analysing the texture
entropy, the Paediatric OCT dataset presents the higher mean score of the OCT images, showing more variability
on texture features. The Stargardt OCT dataset presents a higher speckle noise in the images (grainy appearance),
which reduces the contrast between the tissues, thus making it more difficult to accurately segment. And (iii) when
looking across the two imaging modalities (SLO vs OCT) the entropy analysis reveals that the SLO images shows
higher complexity than the OCT images (with lower variability on the texture entropy), showing the highest
entropy at the three feature levels. These differences in complexity of the OCT and SLO images may also relate to
the variation of segmentation performance, where higher Dice results are achieved when using more complex
models for the more complex SLO datasets.

Figure 7 shows the entropy distribution obtained in each dataset (fitted to a normal distribution). The
entropy distribution of the datasets can provide insight into the variability in the measured complexities,
which can be later related to the segmentation models performances. From the pixel entropy distribution
(Shannon), it is observable that SLO images have the lower spread (lower standard deviation), with higher
entropy values, which can be related to a more difficult scenario for segmentation models when learning this type
of features (more complex data). On the other hand, the pixel entropy distribution of the OCT images, specifically
from the Paediatric OCT dataset, shows a larger spread of the values, demonstrating more variability, which can
be related to the segmentation model being able to obtain a better generalization, aiding their performance.
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Figure 7. Shannon entropy (pixel level), GCLM entropy (texture level), and Delentropy (global level) distribution
of the images inside the datasets.

A different case is observed when analysing the GCLM (texture) entropy in Figure 7. Although a lower
spread is shown for the Paediatric OCT dataset, similar texture entropy was obtained among the OCT and SLO
datasets, which can be at tributed to the similar texture features that each of the images have due to the type,
condition, or instrument on which they were captured, which are often affected by the presence of speckle noise,
affecting the same way to the performance of the segmentation models. Similar behaviour to the pixel entropy
distribution can be observed when analysing the global entropy distributions (Delentropy), showing smaller spread
and higher complexity with the SLO images, and a better case scenario with the OCT images, with more variability
and lower complexity.

In order to visualize the relationship between image complexity and segmentation performance, Figure 8
shows a scatterplot of the mean Dice coefficient metrics and the entropy metrics for each used dataset. Each
subplot corresponds to a different network (Baseline U-Net vs. U-Net++), and the graphs emphasise some of the
previous findings: (i) the gap in performance between the OCT and SLO datasets for baseline U-Net, with
performance reducing substantially for greater Shannon (pixel level) entropy and Delentropy (global level) (left
plot), which is greatly reduced when using the U-Net++ model with the InceptionResnetv2 backbone (right plot),
(ii) a greater difference across OCT and SLO datasets is shown for the Shannon (pixel level) entropy and Delentropy
(global level), with the highest entropy values, and lower Dice coefficient belonging to the SLO datasets, and (iii)
different behaviour for the GCLM (texture) entropy, with lower differences across datasets.
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Figure 8. Graphical representation for the baseline U-Net (left plot) and U-Net++ with InceptionResNetV2
backbone (right plot) performance (Dice coefficient) in relation with the entropy metrics (represented with different
colours) for each of the four tested datasets (each represented with a different symbol). Error bars describe the
standard deviation.

5. Conclusions

Since its inception, deep learning models have become widely used for medical imaging segmentation tasks,
with a wide range of applications such as segmentation of cell nuclei, cancer tissue segmentation, cardiac
structures and vessels, and tumour detection, among others [27]. Hence, a rapid development of models such as
U-Net-based architectures have occurred, with the use of more complex and sophisticated models implemented in
medical imaging. In the field of ophthalmic imaging segmentation, most of the studies have proposed the use of
U-Net models and their variations, obtaining promising results. Despite this, selecting the optimal model for a
particular task within the larger range of models available is not simple. Besides the DL architecture used for the
segmentation task, it is important to consider other factors that may affect the obtained results, such as the
characteristics of the dataset, which may present images with more complex features that need to be “learned” by
the applied segmentation method.

In this study, three DL segmentation models were compared, analysing how they perform when segmenting
the retinal and choroidal tissues from OCT images, and in the segmentation of changes associated with retinitis
pigmentosa in SLO images. The results from this study demonstrate that not every model behaves the same way
when trained for different segmentation tasks or imaging modalities. For the retinal and choroidal tissue segmentation
using OCT images, the baseline U-Net provided a good segmentation performance for both healthy eyes and for
eyes with Stargardt disease. This finding supports previous studies [3] suggesting that the use of deeper (more
complex model) may not be needed for OCT segmentation since the performance is similar to a baseline U-Net
architecture. On the other hand, for the SLO dataset, this same model produced the lowest segmentation
performance, whereas using the U-Net++ model with a backbone (InceptionResNetV2) provided better results,
showing that a deeper model was needed for this dataset, which is visually more complex.

To explore the concept of dataset complexity, an additional image complexity analysis was performed,
calculating the image entropy at three different levels of abstraction for each of the datasets. This analysis showed
that at pixel and global level, the images in the SLO datasets presented more complex features than OCT images,
which are related to the difficulty involved in the learning of top and bottom layers of the model for the segmentation
task. Thus, itis likely that the baseline U-Net model, which presents a shorter depth, is not deep enough to learn the
more complex features of the SLO images, obtaining the lowest performance. It is worth noting that SLO and OCT
are just two of the commonly used ophthalmic imaging modalities. Further exploration of this concept of the
data/DL-model complexity link could be valuable, either by expanding the method to other data formats (enface
OCT analysis), by investigating alternative imaging modalities such as OCT-A or ultrasound, or by exploring
inter/intra device/manufacturer effects.

Although this analysis should be extrapolated to more datasets, the results obtained from this study allow us to
better understand how image complexity measures such as Shannon entropy and Delentropy could be used as a
proxy for model selection and its relation to segmentation performance when using OCT and SLO images. Given
the large number of DL models available, image complexity metrics may provide an indication for the need for
more complex segmentation models. Thus, the application of these metrics could be useful in the field and worth
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exploring further. This may provide more information, in future research studies and better strategies for deciding
which segmentation model to use with a given dataset for a specific,,; segmentation approach.
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