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Abstract: Retinal vein segmentation is a crucial task that helps in the early detection of health
problems, making it an essential area of research. With recent advancements in artificial intelligence,
we can now develop highly reliable and efficient models for this task. CNN has been the traditional
choice for image analysis tasks. However, the emergence of visual transformers with their unique
attention mechanism has proved to be a game-changer. However, visual transformers require a large
amount of data and computational power, making them unsuitable for tasks with limited data and
resources. To deal with this constraint, we adapted the attention module of visual transformers and
integrated it into a CNN-based UNET network, achieving superior performance compared to other
models. The model achieved a 0.89 recall, 0.98 AUC, 0.97 accuracy, and 0.97 sensitivity on various
datasets, including HRF, Drive, LES-AV, CHASE-DBI1, Aria-A, Aria-D, Aria-C, IOSTAR, STARE and
DRGAHIS. Moreover, the model can recognize blood vessels accurately, regardless of camera type
or the original image resolution, ensuring that it generalizes well. This breakthrough in retinal vein
segmentation could improve the early diagnosis of several health conditions.

Keywords: retinal blood vessels; artificial intelligence; convolutional neural networks; attention
module; segmentation

1. Introduction

Al plays a prominent role in various fields, including programming-assistance tools
such as OpenlA Copilot [1], protein prediction using Deep Mind and the model in [2],
congenital disease prediction [3], and lesion segmentation in medical imaging, as demonstrated
by recent research in X-ray imaging for COVID-19 [4]. These examples illustrate how Al can
achieve metrics comparable to an expert’s, making it a promising solution for automating
daily tasks that intelligent algorithms can efficiently tackle.

In recent years, deep learning (DL), a subfield of machine learning (ML), has experienced
significant growth within the AI domain. This expansion is well-founded because DL models
do not require direct guidance from an expert nor the manual modification of complex
hyperparameters to achieve suitable performance. Instead, many previously labeled examples
are sufficient to initiate the learning process. This attribute of neural networks enables the
exploration of complex domains, such as medicine, without requiring the presence of a
domain expert at all times.

In our study, we employed CNN models [5] and attention modules based on those
incorporated by visual transformers [6] to segment retinal blood vessels. The retina,
a delicate layer at the back of the eye, plays a crucial role in our vision, as its connections
go directly to the brain [7]. The segmentation of retinal blood vessels can aid in detecting
degenerative diseases such as diabetic retinopathy [7], cardiovascular problems [8], and
many other congenital conditions. Unfortunately, these diseases have a high prevalence
worldwide [9].
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The UNET model has emerged as a popular choice among developers and researchers
for addressing segmentation challenges across diverse domains, for example, segmenting
lesions caused by diabetic retinopathy [10], the segmentation of brain tumors using a
modified model [11,12], and the segmentation of other skin lesions [13]. However, its
versatility continues. The model can also segment images taken by UAVs and perform
activities such as those described in [14]. These models are built upon the UNET architecture,
which is highly regarded for its adaptability and straightforward customization capabilities,
rendering it an ideal candidate for exploring novel concepts. Adaptations of the model
include adding convolutions and supplementary connections, as demonstrated in [13], and
incorporating comprehensive attention blocks, as showcased in the referenced article, to
mentioned a few.

Most object prediction, segmentation, and classification models that use images
as inputs are primarily based on CNNs [5]. Meanwhile, transformers [15], a type of
architecture mainly used in NLP, are now improving the existing metrics by their distinct
way of “paying attention”. As a result, image-based transformer models [16] have emerged
and are proving to achieve comparable, or at times better, results than traditional CNNs.
However, these models come with two significant challenges: the requirement of big
training data and the intensive computational power they consume during training. Some
techniques, such as transfer learning (TL) [17], are used when the dataset is limited. The
source and target datasets should have similar domains to maximize TL benefits.

Another commonly used approach is to take the attention mechanism of transformers
as an independent module that provides some of the benefits of transformers without
requiring a vast amount of training data. The approach that can be seen in [18] combines
MHSA with convolutions to generate a bottleneck transformer (BT) that can be viewed as
an attention module. This type of implementation using transformers and convolutions
is the basis of this work, along with a focus inspired by the focal transformer presented
by [19]; this allowed us to improve state-of-the-art metrics using the U-Net network as a
backbone and adding modules that we call a “Focal Attention Convolution Block” (FACB).

This study’s proposed FACB offers a distinctive characteristic of seamless integration
into any CNN as an additional module. This integration does not require altering the
backbone of the underlying models, making it similar to a plug-and-play component. This
approach provides the advantages of the attention mechanisms seen in vision transformers
without necessitating extensive modifications to the base model.

The FACB consists of two main parts. Firstly, the initial stage of the FACB captures
information from the input data at various levels, which we refer to as windows. These
windows can have different dimensions, such as small, medium, or large, and can be
singular or multiple. Ultimately, the output of these windows is concatenated, providing
information from different regions of the input data. This concatenated information is
then passed to the second block of the FACB, which comprises several attention modules
operating in parallel to process the input information. The versatility and compatibility
of the FACB with matrix operations enable its implementation at any stage within a
CNN architecture. This flexibility allows researchers to seamlessly incorporate the FACB
module into existing CNNs, enhancing the network’s capabilities without significant
structural changes.

The remainder of this paper is organized as follows. Section 2 presents the proposed
method’s main idea, the databases used, the preprocessing, data augmentation, and details
about the FACB and its use in the UNET model. Section 3 presents a comparative table
with the state of the art and images of the inference of the proposed model. Finally, the
discussion and conclusions are presented in Sections 4 and 5, respectively.

In recent years, there have been significant advancements in the field of medical
imaging, particularly in the area of retinal segmentation. Retinal segmentation is the
process of identifying and separating different structures within the retina, which can be
critical for diagnosing and treating a variety of eye diseases.
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The automated segmentation of blood vessels has long been a challenging task in
computer vision and artificial intelligence research. Among various Al approaches, ML
models have proven effective in segmenting and classifying these structures. There has been
a growing adoption of DL models in recent years in this domain [20]. DL models offer a
significant advantage in generalizing across diverse domains [21]. Talking specifically about
DL, vision transformers [22] are becoming important in the area but the ideal conditions
to apply these models are seldom present. Instead of using a complete transformer, we
can take the part that pays attention. Attention modules in a convolutional network allow
for capturing local and global spatial relationships in images more efficiently. Unlike full
transformers, which require computing all interactions between pair elements, attention
modules in a convolutional network can selectively focus on relevant regions and reduce
computational complexity. This is especially beneficial for images, where visual information
is highly structured and spatial relationships between pixels play a crucial role. Attention
modules in a convolutional network also enable the better interpretation and visualization
of results by providing attention maps highlighting the image’s most important regions.
In addition, attention modules can be easily incorporated into existing convolutional
network architectures, facilitating their implementation and leveraging both approaches’
benefits. Attention modules in a convolutional network offer an efficient and effective
way to model spatial relationships in images, transcending computational limitations and
taking advantage of the intrinsic visual structure of images.

Khanal, A. et al. [23] proposed a stochastic training scheme for deep neural networks
that robustly balances precision and recall. Their method yielded a better balance of
precision and recall relative to state-of-the-art techniques, resulting in higher F1 scores.
However, their method can be misleading for unbalanced datasets. Gegundez-Arias, et al. [24]
present a new method for vascular tree segmentation. The method outperforms other
U-Net-based methodologies in terms of accuracy, requiring fewer hyperparameters and
lower computational complexity. However, the major limitation of the practical integration
is the limited number of examples available for network training. Galdran, A. et al. [25]
reflect on the need to construct algorithmically complex methodologies for retinal vessel
segmentation. It suggests that minimalistic models, adequately trained, can attain results
that do not significantly differ from more complex approaches. The authors suggest that
research should switch to modern high-resolution datasets rather than rely on old datasets.

In the work of Tang, P. et al. [26], the main contributions include a novel ensemble
model based on multiproportional red and green channels that outperform other existing
methods concerning two primary performance metrics (segmentation accuracy and AUC)
and the first instance of the red channel providing performance gains. In the work of Ma, Y.
et al. [27], WA-Net was developed to improve the segmentation accuracy of retinal blood
vessels. Cross-training between datasets was performed to verify the model’s generalization
performance, and the results showed that WA-Net extracts more detailed blood vessels and
has a superior performance. However, there are still some limitations, such as the need for
more effective data augmentation and a long computational time due to the introduction of
weight normalization.

Tuyet, V.T.H. et al. [28] proposed a method for retinal vessel segmentation using
three periods: a salient edge map in the retinal vessel image, feature extraction using
CNN in a salient map, and segmentation based on the pixel level of the Sobel operator in
saliency. The Jaccard index value of the proposed method was found to be higher than other
approaches. Therefore, the number of layers or operators for the salient region map can
be improved in the future. Park, K.-B. et al. [29] proposed M-GAN, which outperformed
previous studies with respect to accuracy, loU, F1 score, and MCC. It derived balanced
precision and recall together through the FN loss function. The proposed method with an
adversarial discriminator showed better segmentation performance than a method without
a discriminator.

Compared to state-of-the-art methods, the proposed method of Zhuo, Z. et al. [30]
achieved extremely competitive performances on the DRIVE and STARE datasets. The
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results of cross-training show that the method has strong robustness and is faster than
other CNN-based algorithms. However, the proposed method does not have a network
structure that reduces the number of parameters while guaranteeing effective segmentation.
Zhuo, Z. et al. [31] present a novel retinal vessel segmentation architecture that combines a
U-Net with generative adversarial networks and a weighted feature matching loss. This
architecture was evaluated on three retinal segmentation datasets (DRIVE, CHASE-DBI1,
and STARE). It showed improved performance compared to previous methods, with higher
confidence scores, F1 score, sensitivity, specificity, accuracy, AUC-ROC, mean-IOU, and
SSIM. However, the model suffers from a high false-positive rate.

2. Materials and Methods

Demonstrating the generalization of an artificial neural network model is a crucial
aspect of its training. It requires diverse data to ensure the model recognizes and learns
from patterns outside the training dataset. To achieve this, we utilized many publicly
available datasets, each presenting unique characteristics in terms of their composition,
such as variations in image resolution, centering, and color saturation, as depicted in
Figure 1. These differences result from the use of various devices and the work of different
individuals, resulting in images that differ significantly while all within the same domain
(the retina).

Chase_db1 aria_c aria_a HFE

aria_d DRHAGIS STARE

Figure 1. Although the images belong to the same retina domain, these datasets possess unique
properties, as demonstrated by differences such as varying degrees of centering toward the optic nerve
or the macula, mixed image resolutions, and differences in color saturation and brightness levels.

The blocks of a general methodology using DL models are very similar regardless of the
task to be performed. In our case, as can be seen in Figure 2, the general development of our
implementation, which contains the classic blocks of preprocessing and training/validation
but inside each block, has specific processes.

2.1. Preprocessing

One of the main reasons data preprocessing is essential is the nature of deep neural
networks. These networks are designed to learn functional patterns and representations
from input data. However, the quality of the input data can vary widely and may
contain noise, redundancy, outliers, or even irrelevant information. Preprocessing helps
mitigate these problems by performing normalization, denoising, and the reduction of
dimensionality. It is crucial to find a balance in data preprocessing and not to exaggerate
when homogenizing the data since a model also benefits from the natural noise with which
the data were taken.
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2.1.1. Data Cleaning

The preprocessing block can be considered the kitchen where the food of our model is
prepared. It is fundamental when handling various datasets because if garbage enters the
model, we cannot expect good results no matter how robust the architecture is. Therefore,
we must at least clean the data and try to normalize it as much as possible while maintaining
the essence of each database.

The images contained in the datasets are very different in their composition, with
some having a better resolution than others. In addition, the difference in saturation in the
red channel is noticeable, so finding a balance when preprocessing the images is vital since
we must consider the diversity of these images. RGB retinal images usually tend to have a
reddish hue in their composition, which causes a considerable saturation in the red channel.
The blue channel has the slightest presence in the image and can be considered the opposite
of the red channel. Finally, the green channel is the one that best preserves the balance of
all the channels, thus providing more precise and sharper information. Therefore, it was
decided to only use the green channel. To keep the original information of the images the
same, we chose to perform histogram equalization on the channel we used, i.e., the green
one. After the equalization, we looked for an algorithm that would improve the sharpness
and brightness without altering the images too much, so according to its performance, we
decided to use CLAHE [32], which gives us a general enhancement of the image without
altering too much of the original information of the images. The preprocessing applied to
an image can be seen in the central block in Figure 2.

Datasets
-
IOSTAR Chase_dbl LES-AV

v

»
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Background Setti
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Figure 2. General methodology. The first block refers to the collection of the datasets. The central
block represents the preprocessing applied to each of the datasets. The last block refers to the training
and validation of the proposed model.

2.1.2. Data Augmentation

A disadvantage of public datasets is the small number of examples they contain, so
an increase in data has to be implemented. For this reason, we divided each image into
small segments called patches with a size of (160 x 160 x 3) and obtained 25,402 patches
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for training and 2900 for validation, trying to maintain a ratio of 90-10. An example of the
patches can be seen in Figure 2.

In addition to the generation of patches as a method of data augmentation, it was
decided to perform an automatic augmentation prior to model input. This means that
before delivering an example to the model, it goes through a process that can rotate the
image, displace it, increase its color saturation, add noise, and remove a part of the image,
in order to force the model to generalize as much as possible and avoid overtraining.
However, this process does not always happen for all the input examples since the aim is to
generate the most significant difference between each data point. The decision as to which
items undergo this process and which do not is randomly determined for each epoch.

2.2. The Model

When addressing specific tasks in the medical domain, such as disease prediction
in medical imaging or lesion segmentation, choosing a good DL model becomes critical.
A well-selected model has the potential to improve the accuracy of diagnosis and treatment,
which, in turn, can lead to better clinical outcomes and more effective medical care.

2.2.1. Model Overview

As mentioned before, transformers are becoming very relevant in work with images,
despite how inconvenient their training can be. Thus, using small modules that provide
some of the benefits is a viable approach. In this work, the principal idea is the incorporation
of a module consisting of main blocks. The first one is in charge of extracting as much
information from the input as possible using different regions. These regions start from the
center of the input and can extend to the edges; the idea is to collect as much information
in the input directions, which contain valuable information from different points, and the
second block pays attention with its different attention modules to the information the first
block provides. The general idea of the focal attention convolution block (FACB) can be
seen in Figure 3.

Figure 4 shows the block called CBAM bottleneck multihead self attention (CB-BMHSA),
which incorporates an attention module inspired by the focal attention (FT) [19], which
delivers fine and granular information to an MHSA. For our implementation, we took the
FT idea of generating information in different regions of the image in parallel and used
a CBAM [33] attention module to obtain spatial and channel information and then pass
the information to a BT [18], which is a variant of the multihead self attention (MHSA);
however, this was designed to work with convolutions, which means that there is no need
to flatten the input features as a traditional MHSA would need.

Focal Attention Convolutional Block
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Figure 3. General FACB that contains two principal blocks.
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Figure 4. The CB-BMHSA attention block.

The input information of the CB-BMHSA comes from a block that we call the region
extractor (RE). This block was inspired by the FAB used in the transformer in [19]. The block
presented in the article, as mentioned earlier, has the disadvantage that it does not work
with convolutions because it is 100% adapted to the use with transformers, so we decided
to generate an alternative that can be coupled to the use of CNNs. In Figure 5, we can
observe this block in more detail. The RE obtains the information from a window called
Pr, which delimits the region of information to be extracted from the input features. Then,
the window data are grouped into Pw sets using AvgPooling to generate subwindows
with information from different regions of the input that will be summed to have general
and granular details. Finally, when summing each subwindow, we use zero padding to
avoid dimensionality problems. This procedure can be repeated for N number of windows
as shown in Equation (1). It should be noted that FACB was designed for features with
square dimensions. In addition, the FACB can be implemented on any CNN, extracting
information from different regions of the input and paying attention to that information

using different attention modules.

N
Z ZeroPadding(AvgrPooling(Pr[”})))

n=1

)

FACB can be implemented in any part of a traditional CNN, as the only requirement
is that the input dimensions are square (m x m). Typically, classical CNN models always
use square inputs and outputs, making the FACB an enhancer that allows the ability to
pay attention to be added to models such as RESNET-50, RESNET-100 [34], VGG-16 [35],
EfficientNet [36], Mobilnet [37], GoogleNet [38], and of course, the model that we use as a
base in this article, the U-NET [39]. The U-NET was chosen because it is a well-studied model
that has a wide variety of variants. These models have been applied to the segmentation of
lesions, blood vessels, and other parts of the retina, which are components that can be used
to compare and demonstrate that the FACB helps to enhance the performance of the model
without modifying the main skeleton. The final model can be seen in Figure 6, to which FACB

was added in the intermediate connections from the second downsampling.
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Figure 6. The complete U-Net architecture using FACB at the four points downstream.

2.2.2. UNET with FACB

When training a transformer either for natural language processing or a visual
transformer for working with images, we know beforehand that this will require high
computational power and a large amount of data. Similarly, adding attention modules
increases the processing time of the model: not to the level of a transformer but more than
that of a conventional CNN. Therefore, different configurations of the U-NET were tested
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with the FACB to determine the cost benefit. In this way, we noticed that the results of the
metrics were similar when using the FACB in the whole model as to when it was applied
from the second output of the convolution block; however, the computational cost changed
a lot, i.e., when using the first option, the training time increased by 50%.

3. Results

The model was evaluated with different metrics that would give us important information
about its performance. Several authors only consider metrics such as accuracy or AUC, i.e,,
metrics that, for this task, do not reflect the reality of the prediction since the number of pixels
in the images that represent an absence of blood vessels is much higher than the number of
pixels that contain blood vessels. This means that, although our model did not detect any
blood vessels in the image, the accuracy rate and the sensitivity were high, since it focuses
on the true negatives, which are more abundant than true positives. Thus, the accuracy,
recall, and F1 score better reflect the model’s performance speaking exclusively for this
task. Table 1 shows a comparison of our model and the bests in the state of the art. As can
be seen, not all the models were trained on several datasets, and some were only trained on
a single dataset, leaving uncertainty as to whether the model would generalize or would
only perform well on that dataset.

Table 1. The table shows a comparison of the best models and our proposal. As seen at least in one
metric, the proposed model achieved better results than the state of the art. Moreover, the table
indicates a good generalization over all datasets. The best results are in bold.

Dataset Author Accuracy AUC Precision Recall Specificity F1
Park, K.-B. et al. [29] 97.06 98.68 83.02 83.46 98.36 83.24
DRIVE Galdran, A. et al. [25] - 98.1 - - - -
Chen, D. et al. [40] 96.22 98.78 - 85.76 99.32 81.60
UNET with FACB 97.9 93.6 91.7 88.1 99.0 89.9
Park, K.-B. et al. [29] 97.36 98.59 - - - 81.1
Galdran, A. et al. [25] - 98.47 - - - -
CHASEDBI Chen, D. et al. [40] 98.12 99.25 - 84.93 99.66 82.73
UNET with FACB 99.1 97.0 94.8 944 99.5 94.6
Park, K.-B. et al. [29] 97.61 98.52 79.72 - - 79.72
HRF Galdran, A. et al. [25] - 98.25 - - - -
Tang, P. et al. [26] 96.31 98.43 - 76.53 98.66 77
UNET with FACB 97.7 91.3 87.2 83.8 98.9 85.4
Park, K.-B. et al. [29] 98.76 99.73 84.17 83.24 99.38 83.7
STARE Galdran, A. et al. [25] - 98.28 - - - -
Chen, D. et al. [40] 97.96 99.53 - 87.93 99.37 88.36
UNET with FACB 97.9 93.6 91.7 88.1 99 89.9
LES-AV Galdran, A. et al. [25] - 97.34 - - - -
UNET with FACB 99.3 97.1 947 94.6 99.6 94.6
Guo, C. et al. [41] 97.13 98.73 - 80.82 98.54 -
Li, X. et al. [42] 95.44 96.23 - 73.22 98.02 -
IOSTAR Wu, H. et al. [43] 97.06 98.65 - 82.55 98.30 -
UNET with FACB 99.3 97.1 94.7 94.6 99.6 94.6
Tajbakhsh, N. et al. [44] - - - - - 72
ARIA (mean) - ri\ET with FACB 97.3 89.9 86.4 81.4 96.1 83.2

The metrics that interest us, as mentioned above, are precision, recall, and F1 score.
As can be seen, our model achieved superior results as compared to the state-of-the-art
models in almost all the datasets for these metrics. The only datasets for which the model
did not achieve similar numbers to the others were Arias A-C-D, but this reaffirms what
we mentioned earlier: the accuracy and AUC for these datasets are competitive metrics
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but do not reflect the performance of the model since the rest of the metrics had much
lower results.

In Figures 7 and 8, we can observe the inference on an image of each dataset. This
inference shows us the outstanding performance of our model in the most challenging
regions, such as the areas closest to the optic nerve, the bifurcations and intersections,
the points where the path ends, the centralization towards the optic nerve or the macula,
and the thinnest blood vessels and arteries. The comparison column provides valuable
information on the differences between the prediction and the actual output. The yellow
color represents the true positives of the segmentation, the red pixels are the false positives,
and the green pixels are the false negatives. This final column allows us to directly compare
the results in Table 1 and the model prediction. If we only look at the prediction and mask
columns individually, it is difficult to infer whether the result is consistent with what is
presented in the metrics output.

Original Prediction Mask Comparative

N

Figure 7. Model predictions part 1.
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Figure 8. Model predictions part 2.

4. Discussion

The results of this paper indicate that the model has excellent performance in the
most challenging regions of the datasets, such as the areas closest to the optic nerve, the
bifurcations, and the intersections. This indicates that the FACB helps the UNET model
pay attention to the segmentation’s critical areas. However, the accuracy and AUC metrics
for the Arias A-C-D datasets were lower than in the other datasets, reaffirming that these
metrics only sometimes reflect the model’s performance. Nevertheless, the inference on
the images also showed outstanding results, indicating that the model can accurately
detect blood vessels and arteries even in the thinnest areas. Further research should focus
on exploring the implications of these results and investigating potential future research
directions. There are two crucial considerations to bear in mind when utilizing the FACB.
Firstly, incorporating multiple FACBs into neural networks results in a substantial increase
in memory requirements. Consequently, integrating such models becomes feasible with



Technologies 2023, 11, 97

12 of 14

access to robust hardware resources. Secondly, training the model on high-resolution
images exceeding 200 pixels poses a formidable challenge due to the corresponding surge
in memory demands. To tackle this issue, it is vital to explore strategies, such as the one
proposed in this article, which involve partitioning images into smaller patches. This
approach enables the successful implementation of FACBs by mitigating the excessive
memory demands associated with larger image resolutions.

5. Conclusions

This research shows that our model performs in the most challenging regions for retinal
vessel segmentation. This study has implications for previous retinal vessel segmentation
studies and provides potential future research directions. This approach in retinal vein
segmentation could improve the early diagnosis of several health conditions. Moreover,
the model’s ability to recognize blood vessels accurately regardless of camera type or the
original image resolution suggests that it generalizes well and could be used in various
applications. This was achieved by combining the existing attention modules and the
regional extractor, and combining the best of the two classic convolutional networks and
care delivery approaches. Another significant consideration is that some datasets are more
challenging than others. They demand the use of all the possible datasets available to
train and evaluate the model in order to achieve generalization. It is possible to enhance
segmentation performance by conducting fine-tuning on each dataset. However, the
ultimate objective is to achieve generalizability regardless of the image type presented to
the model.

The overarching goal for future research is to achieve robustness and generalizability
regardless of the image type presented in the model. Continued efforts in fine-tuning
techniques, dataset augmentation, and advancements in model architectures and attention
mechanisms can contribute to developing highly accurate and versatile DL models for
medical image analysis.

Combining the strengths of attention mechanisms and CNNs, we can develop models
that capture relevant features, focus on informative regions, improve interpretability, and
achieve more accurate segmentation results. These advancements can contribute to early
disease diagnosis, precision medicine, and improved patient care in medical imaging.

Future research efforts can focus on optimizing the architecture and training strategies for
attention-guided CNN models. This may involve exploring different attention mechanisms,
designing novel network architectures that effectively fuse attention and convolutional
operations, and developing specialized loss functions that encourage accurate vessel segmentat-
ion. Additionally, investigating the transferability and generalizability of attention-guided
CNN models across different datasets and imaging modalities can further improve their
practical applicability in various medical image analysis tasks.
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