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ABSTRACT

Introduction: diabetic vascular disease is one of most serious health problems in diabetic patients, it causes
the development of severe complications including delayed wound healing and increased susceptibility to
infections.

Method: to provide accurate and are non-invasive diagnosis, current work emphasizes on Diabetic
Vasculopathy (DV) that is analysed with thermoregulation images through Semantic Segmentation (SS). A
novel methodology was adapted, combining thermoregulation imaging with SS using the U-Net++ model to
investigate temperature distributions at the skin level. This work introduces a novel method that utilizes
MobileNetV2 as the encoder for fast Feature Extraction (FE).

Results: the results from the suggested model, achieves a segmentation accuracy of 95 %, which is significantly
more compared to that of DeepLabV3+ and PSPNet models. A mean and Intersection over Union (loU) of 85 %
and 87 % was reported by the suggested frameworks throughout the training and validation phases.
Conclusion: classifying normal and abnormal regions can be done via the outcomes, as it offers the great
visibility in the thermal image for clinicians by detecting the non-thermal regions.

Keywords: Diabetic Vasculopathy (DV); Semantic Segmentation (SS); Thermoregulation Imaging; Unet++;
MobileNetV2; Deep Learning (DL).

RESUMEN

Introduccion: la enfermedad vascular diabética es uno de los problemas de salud mas graves en los pacientes
diabéticos, provoca el desarrollo de complicaciones graves que incluyen retraso en la cicatrizacion de heridas
y aumento de la susceptibilidad a infecciones.

Método: para proporcionar un diagnostico preciso y no invasivo, el trabajo actual enfatiza en la Vasculopatia
Diabética (VD) que se analiza con imagenes de termorregulacion a través de Segmentacion Semantica (SS).
Se adapt6 una metodologia novedosa que combina imagenes de termorregulacion con SS utilizando el modelo
U-Net++ para investigar las distribuciones de temperatura a nivel de la piel. Este trabajo presenta un método
novedoso que utiliza MobileNetV2 como codificador para una rapida extraccion de caracteristicas (FE).
Resultados: los resultados del modelo sugerido logran una precisién de segmentacion del 95 %, que es
significativamente mayor en comparacion con la de los modelos DeepLabV3+ y PSPNet. Los marcos sugeridos
informaron una media y una interseccion sobre la union (loU) del 85 % y el 87 % a lo largo de las fases de
capacitacion y validacion.

Conclusion: la clasificacion de las regiones normales y anormales se puede realizar a través de los resultados,
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ya que ofrece una gran visibilidad en la imagen térmica para los médicos al detectar las regiones no térmicas.

Palabras clave: Vasculopatia Diabética (DV); Segmentacion Semantica (SS); Imagenes de Termorregulacion;
Unet++; MobileNetV2; Aprendizaje Profundo (DL).

INTRODUCTION

Diabetes-related vascular problems, that affects both the microvascular and macro vascular systems are
known as DV.(") This disease will affect individuals involving signs like slowed wound healing, elevated infection
risk and finally leads to loss of limbs. These are the severe issues caused by this disease. Surface temperature
distribution of the skin was analyzed by non-invasive method as thermoregulation imaging. This method also
provides the data regarding the state of Blood Vessels (BV) and blood flow. Vascular abnormalities can be
accurately detected as the Region of Interest (ROI) and classified via the SS and DL (Deep Learning).®

In-depth thermal patterns and vascular condition analyses can be attained via the SS. It also supports in the
detection of DV by providing every pixel in an image a specific label.

Early medical care is necessary for the diabetic patients for minimizing the severe risks. Thus, analysing DV via
thermoregulation imaging is crucial. For visualizing temperature variations on the skin corresponds to the blood
flow and vascular health, a non-invasive, safe, and effective technique was offered by the thermoregulation
imaging.® Regions with poor blood circulation can be detected earlier via imaging techniques for preventing
severe risks like ulcers and gangrene. Thus, early detection of the suspectible risks will helps in preventing
such severe complications. Improvements of patient outcomes and quality of life is attained by the continual
monitoring as it supports for effective treatment and treatment modifications using thermoregulation imaging.
@ Through reducing the risk of progressive vascular risks, this technique also reduces the medical expenses
thereby reduces the demand for the invasive diagnostic process.

Utilizing thermoregulation imaging, the analysis of DV employs a range of methods from advanced automated
techniques to manual interpretation.® Then an inaccurate and laborious tasks occurs when clinicians assessing
the thermoregulation images manually. For the purpose of enhancing efficacy and accuracy, the automated
methods are presented due to the advancements in the Machine Learning (ML) and DL. For the automatic
segment and classifying various regions in the thermoregulation imaging, the SS frameworks like U-Net and its
variants are widely employed.

For the purpose of recognizing patterns indicating vascular abnormalities, these frameworks are trained
on a large dataset of annotated images. For the accurate segmentation of normal and abnormal regions, the
application of DL supports in the complicated FE in the images.® Then, the adaptive pre-trained models to the
particular task of analysing thermoregulation imaging involved in the Transfer Learning (TL). It also enhances
the potential in attaining superior performance with sparse data. More accurate, unbiased, and scalable analysis
of DV was enabled by these techniques.

There is a need for addressing several research gaps and challenges despite the advancements in DV
analysis via thermoregulation imaging.” The lack of extensive, annotated datasets for the diabetic patient’s
thermoregulation imaging is a major problem. In robust DL techniques, these datasets are important for
training and validation. Then, consistency and reliability of the segmentation outcomes gets impacted by
the variability in imaging applications like variations in the surrounding temperature and patient locations.
A more comprehensive analysis of vascular health attained by integrating thermoregulation imaging with
other diagnostic models including UltraSound (US)or MRI as the current methods also emphasis single-modality
analysis.®

Furthermore, the real-time application and clinical validation of these techniques remain underdeveloped.
Most studies are conducted in controlled environments, and their translation to routine clinical practice requires
further research and adaptation. Addressing these gaps will be essential for improving the effectiveness and
adoption of thermoregulation imaging and semantic segmentation in managing diabetic vasculopathy.

Literature survey

Cesar A. Salazar et al.® outlined the advantages of employing thermography as a potential clinical diagnostic
tool for DF based on a thorough literature evaluation conducted by the BASPI-FootLab research group over the
last 15 years. This study reports on preliminary findings from our review. The vascular system (VS), peripheral
vascular system (PVS), central nervous system (CNS), and peripheral nervous system (PNS) are the physiological
systems that are impacted by type 2 diabetes mellitus (DM2). Complications affecting the PVS and PNS are
commonly referred to as diabetic vasculopathy (DV) and diabetic neuropathy (DN), respectively. The two most
significant physiopathologies associated with DN and DV that have been documented on the foot are heat and
hypoesthesia. These issues result in the plantar surface losing its sensitivity and becoming hotter, respectively.
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If pressure is applied repeatedly, these issues might lead to an ischemia or inflammatory issue.

Andrés Anaya-lsaza et al."9 suggested examining three cutting-edge deep learning (DL) architectures
and utilizing convolutional, residual, and attention (Transformers) techniques to categorize individuals with
diabetes mellitus from pictures obtained through diabetic foot thermography. Three different scenarios of data
augmentation were used to train the models. The first study to achieve this synergy in the characterization of
risk in ulcers using thermographies is a unique approach based on altering the pictures through the modification
of the amplitude in the Fourier Transform.

Alvaro Astasio-Picado et al."" examined the application of infrared thermography and the differences in foot
temperature between individuals with and without diabetes by dividing the foot’s sole into four study regions.
A suggested cross-sectional research included 479 participants, split into two groups: those with diabetes and
individuals without the disease.

Vincent Serantoni et al.” examined the relationship between impaired thermoregulatory systems and
diabetic peripheral neuropathy utilizing spectral thermal analysis, a thermal camera, and a physical test.
After six minutes of walking, a thermal camera was used to take each participant’s plantar skin temperature.
Following frequency decomposition of the data, two frequency ranges relating to endothelium and neurogenic
pathways were identified. Then, for every participant, 40 thermal markers were assessed. The identification
of markers capable of detecting the presence or absence of diabetic peripheral neuropathy was made possible
using statistical testing and the ROC curve.

Punal M Arabi et al."® examined the blood vessel thermoregulatory behaviour in individuals with and without
diabetes to comprehend the alterations in thermoregulation brought on by the disease and how it improves
with time. Diabetic vasculopathy is a condition that is more likely to occur in those with diabetes if their
disease is not effectively managed. The thermoregulatory activity of peroneal BV are assessed for detecting
vascular abnormalities in the suggested work.

For preserving the integrity of diabetic foot tissue, a theory was presented by Yijie Duan et al., as it
controls foot temperature and steady rise in temperature was avoided by walking. The DFUs frequency can be
reduced by implementing this technique. By the tissue metabolism, and biomechanical features, the clinical
randomized controlled analysis analyzes the concept. A unique security against DFUs and development of foot
assistance can be emphasized by the research and it is considered to be the main objective of this work.

Oktay Fasihi-Shirehjini et al."® evaluated ConvNeXt versions’ effectiveness in automatically identifying
diabetic foot using thermal imagery. Plantar thermal pictures of both non-diabetic and diabetic patients are
included in the collection. The features extracted by ImageNet pre-trained ConvNeXts were used to classify
thermal images using Fully Connected (FC) layers, Support Vector Machine (SVM), and Logistic Regression (LR)
following pre-processing and data augmentation using standard methods or fancy Principal Component Analysis
(PCA).

Victoria A. Cornelius et al.® focused on what is currently known about alternative splicing and the functions
of isoforms that have an alternative splice within the vasculature, with an emphasis on disease conditions.
Additionally, we discuss the new discovery of the alternatively spliced QKI gene in relation to the physiology of
vascular cells and the development of diabetic vasculopathy. We also address possible therapeutic approaches
to correct faulty splicing.

METHOD

In this research work, a novel method is introduced and proposed to solve the problem of accurate and
effective detection and analysis of Diabetic Vasculopathy posed by thermal images of thermoregulation using
the U-net++ semantic segmentation model, with improvements to the MobileNetV2 of the encoder. Workflow
graph of the proposed model is depicted in figure 1.

Read the innnit imaoe

Extract the Region of Interest (Rol) using Unet++ semantic

v

Identify the center position of the image and construct a

v

Extract the image region inside the bounding box

Figure 1. Proposed work flow
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Steps for Analyzing Diabetic Vasculopathy Using Semantic Segmentation of Thermoregulation Images
Read the Input Image

Through the thermal imaging technology, the loading of thermoregulation image was captured and it is
considered to be the initial phase. The underlying blood flow and vascular health is revealed by this image,
as it indicates the temperature variations on the skin surface. Then, for the purpose of detecting DV, the HR
(High Resolution) images are essential. These HR images offers detailed thermal data. Then the images are
pre-processed for eliminating the noise and aircrafts and also ensures accuracy for additional investigations.

Extract the Region of Interest (Rol) Using Unet++ Semantic Segmentation

For the purpose of detecting and segmenting the ROI in the thermoregulation image, the Unet++ is applied.
Differentiating the normal tissue and vascular abnormalities area by segment Unet++ and labelling every pixel.
The specific areas with DV thermal patterns is focussed by the precise segmentation. It is crucial for additional
study.

Identify the Center Position of the Image and Construct a Bounding Box

Constructing a bounding box around the ROI to determine the central position after segmentation. The ROI
is surrounded by the rectangular framework, it also emphasis on further study in the particular segment of the
image. Accurate positioning of the bounding box that is constructed for covering all the pertinent data and also
eliminating unrelated segments are ensured by computing the centroid of the segmented regions.

Extract the Image Region Inside the Bounding Box

At last, Cropping the image for obtaining the pixel data within the bounding box. Through segmenting the
specific ROI, this stage reduces the computational load and facilitates additional study. When eliminating
additional data, the comprehensive analysis of vascular abnormalities related to DV was allowed by focusing on
cropped region and the precision and visibility can be enhanced by focusing cropped region.

Proposed Unet++

SS labels every pixel in an image and is considered to be the main objective of the basic Computer Vision
problem. Accurate Object Detection (OD) and classification in an image are made possible by this suggested
appraoch and it is crucial for Ml (Medical Imaging), autonomous vehicles and image analysis (IA).

The accuracy of the segmentation tasks is enhanced by the Unet++ framework, it is a complicated version
of the original U-Net structure. Segmentation efficiency and computational efficiency are the issues of U-Net,
as it can be efficiently addressed by the suggested Unet++. Enhancing the Feature propagation, gradient flow
by the series of nested skip pathways and dense skip pathways are presented by Unet++, finally it will result
in more accurate segmentations.

Down-sampling
ﬂ Up-sampling
«p»  Skip-connection
i O X Convolution

Figure 2. Unet++ architecture

MobileNetV2 as Encoder
Condensing and extracting features from the input image is a crucial function of the encoder in Unet++.
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Because MobileNetV2 maintains an equilibrium among efficiency and performance, especially in contexts with
limited resources, it was an appropriate decision for the encoder.
Encoder has the following main aspects:

Depthwise Separable Convolutions (DSC)

By splitting conventional convolutions into 2 phases, DSC in MobileNetV2 increase efficiency. Asingle filter was
primarily implemented to every input channel by the depthwise convolution, as the spatial features are greatly
emphasized and reducing the computational load considerably. Utilizing the pointwise convolution(1x1), the
outputs are combined across the channels. These pointwise convolutions classify the inter-channel relationships.
Due to the segmentation, the ability in learning complicated features with less resourses by MobileNetV2. The
amount of parameters and computations can be significantly reduced as a result of this.

Inverted Residuals (IR) with Linear Bottlenecks (LB)

The enhancement of structure of MobileNetV2, and improvements in efficiency can be attained by the IR
with LB. The IR block broadens the channels and applying depthwise convolutions and compressing channels for
capturing the rich data when compressing images. Preserving significant data and eliminating the redundant
non-linear activations are then monitored by LB. A balance among model complexity and performance by the
robust and light-weight network was created by this method.

Efficient Feature Extraction

MobileNetV2 extracts features efficient with efficiency due to its adaptive scaling and hierarchical structure.
Then, the images are processed in stages, it captures complex HL (High Level) features in the deeper layers and
LL (Low Level) features like the edges in the initial layers. DownSampling (DS) methods reduces the memory
utilization and focussing the computational level on relevant features through reducing the spatial dimensions
of (FM) Feature Maps. Additionally, MobileNetV2 scalable architecture allows for modification for a range of
applications without reducing the computational efficiency or accuracy.

Unet++ as Decoder

Using the encoder’s compressed feature images, Unet++’s decoder rebuilds the high-resolution segmentation
map. The nested and dense skip connections added by the Unet++ decoder improve upon the original U-Net
architecture. The model can accurately represent spatial data as well as fine-grained features due to these
modification.

Decoder has the following main aspects:

Nested Skip Pathways

While the direct skip connections in the original U-Net, nested skip pathways in Unet++ use numerous
intermediate Convolutional Layers (CL) to improve the transmission of data among the encoder and decoder.
As features move through several processing steps, this intricate structure enables progressive feature
enhancement. This will lead to the comprehensive and complex integration of data, as it significantly enhances
the capacity of the model for collecting the data. It will also enhance the boundaries, fine-grained features in
the segmentation map.

Dense Connectivity

For enhancing the gradient flow and feature propagation across the network, the dense connectivity is
combined with Unet++. Every layer is impacted by every level that comes prior in the block, in addition to the
one that preceeds it. This structure makes it possible to continuously utilize features and maintaining network
that is widely accessible to the crucial data. More comprehensive and effective learning was facilitated by
preventing Vanishing Gradient Problem (VGP). For precise image analysis, the comprehensive and robust
segmentation can be attained by Unet++.

Multi-Scale Feature Aggregation (MSFA)

An effective tool for MSFA is Unet++. It integrates features from different resolution levels. This feature is
vital for accurate OD with different size and shapes, as it allows the framework that combines the local feature
and broad contextual data. Capturing the small data and broad framework by this aggregation, as it is created
by the Nested connections and dense connections of Unet++. Unet++ is an effective method for applications
demanding the fine-grained segmentation due to its potential of accurately segmenting complicated objects
and delimiting boundaries.
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RESULTS

The efficiency of the research is heavily relying on the application of thermal images as an input in the
outcomes of the experiment. Novel perspective on the objects or events captured by the thermal images.
It also emphasizes various ROl with their own thermal signs. There is a lot of thermal-related data on the
images. Differentiating among the various regions in the segments by these images. It also acts as a basis for
the segmentation task.

The final outcome of the segmentation procedure is represented by these masks, which accurately define
the target objects or areas inside the thermal images. The input thermal images and their matching masks are
shown in figure 3. Through the specific labelling or ground truth annotations, the masks are produced. It also
acts as an essential benchmark for assessing the models of the accuracy.

18-5-9 13:37:04
MIN:11.5°C .

max2s soc 13:37 L
(i) Input Image 1

168-5-17 10:38:27 18-5-9 13:37.39
MIN:12.3°C . MIN:16.0°C i

IMAX:30.1°C 10:38 W eoc 13:37 —
(ii) Input image 2 (iii) Input image 3

(iv) mask 1 (v) mask 2 (vi) mask 3

Figure 3. Input images and masks

For training and validating the Unet++ SS framework, the monitoring loss is crucial. This process helps in
determining the rate at which the novel data collection by the framework and the way it extends effectively
over the previous data. During training, the actual ground truth labels are compared with the segmentation
masks that is generated by the algorithm. By the training loss, the variations among the suggested masks and
true labels is assessed. This loss indicates the rate at which the framework process novel data and is evaluated
at all phase of the training. The ideal outcome is to reduce training loss over time, it demonstrates that the
framework is improving at matching real data to prediction. When the training loss consistently reduces, the
algorithm is effectively capturing the patterns needed for accurate segmentation.

Constantly monitoring the validation loss is also crucial. This loss corresponds to the model observed
throughout the training. Alternatively, it is calculated using different validation dataset. This test verifies that
the framework is not only learn the training set by assessing the extent to which it generalizes to untested,
novel events. Emphasizes the extent of the framework that learns novel data by the analysis of the validation
loss. As a result of overfitting, it is significant to balance both metrics, it indicates that there is a probability
for differentiating the training and validation loss. An overfitting that occurs when the framework performs
effectively on the training data and it executes ineffectively on the novel data.
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Loss per epoch
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Figure 4. Training and validation loss

Mean Intersection over Union (loU) is an essential metric for assessing the Unet++ model’s effectiveness in
SS tasks during the training and validation stages. It measures the manner in which the model differentiates
and segments different features within images by analyzing the relationship that exists between predicted
segmentation masks and the ground truth annotations. Throughout training, mean loU is continuously computed
on the training dataset for offering real-time feedback on performance to the model.

This metric helps in determining the degree that split regions, that match the predictions of the model.
A higher Mean loU indicates improved model performance, as evidenced by a more accurate match between
the predicted and true regions. An increased Mean loU value during the course of training typically denotes
an improvement in the model’s ability to accurately recognize and segment different objects or regions in the
images.

As mean loU assesses the model’s ability to generalize to new, untested data, it remains significant during the
validation phase. The model is constructed using a distinct validation dataset to ensure that its segmentation
capabilities are not just restricted to the training data but also capable of applying effectively to a range
of datasets. A high Mean loU on the validation set, which also demonstrates the model’s accuracy as well as
validity in feature segmentation over a variety of data, is indicative of the model’s effectiveness in real-world
applications.

Score per epoch

—— train_mloU
0.9 4 —— val_miou . e

0.8 1

0.7 |

mean loU

0.6 1

0.5 1

0.4 |

T

0 2 4 6 8
epoch

Figure 5. Training and validation mean loU
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For the purpose of evaluating an Unet++ model’s effectiveness for SS throughout training and validation,
accuracy monitoring is crucial. By comparing the segmentation masks that the framework predicts with the
actual ground truth annotations on the training dataset, accuracy is determined throughout the training process.

By comparing the percentage of accurately detected pixels, this comparison shows the degree to which the
algorithm is learning to match its predictions to the real data. The model appears to be improving at capturing
and detecting the important elements in images based on the training accuracy increases that have been
observed over time.

Validation accuracy, on the other hand, is calculated using a separate dataset that was not used during
training. This metric assesses the model’s ability to apply its learned segmentation capabilities to new, unseen
data. It essentially tests how well the model can generalize its learning beyond the training dataset, providing
insight into its performance in real-world scenarios.

Accuracy per epoch

1.0 4 -
—+— train_accuracy /——K__‘_
val_accuracy \/"
0.9 4
> 0.8 1
e
-
v
g
0.7
0.6 1

0 2 4 6 8
epoch

Figure 6. Training and validation accuracy
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(a) (b) (c)

Figure 7. Rol extraction

The extracted ROI from the input photos is displayed in figure 7. The input image is displayed in the first
image, figure 7(a). Figure 7(b), the second picture, displays the ground truth image, whereas Figure 7(c), the
third image, displays the extracted image.

The patients’ images under cold stress are displayed in figure 8. The pictures (a) and (b) depict the photos
of patients 1 and 2, diabetic less than 10 years old, and were taken at intervals of 0, 20, 40, 60, 80, 100, and
120 seconds, respectively. Pictures (c) and (d) depict the neuropathic patient photos of 1 and 2, obtained
at intervals of 0 seconds, 20 seconds, 40 seconds, 60 seconds, 80 seconds, 100 seconds, and 120 seconds,
respectively.
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Figure 8. Cold stress images

Table 1 presents a comparative analysis of semantic segmentation methods used for analyzing diabetic
vasculopathy in thermoregulation images, highlighting their respective accuracies. DeepLabV3+ achieves an
accuracy of 0,89 by employing atrous convolutions and a refined decoder that effectively capture multi-scale
contextual information and enhance segmentation precision. PSPNet improves upon this with an accuracy of
0,91, utilizing its Pyramid Pooling Module to gather contextual information at different scales, which enhances
both the global understanding and fine local details of the image. The Proposed Method, using UNet++,
significantly outperforms both, achieving a remarkable accuracy of 0,95. UNet++ integrates nested and dense
skip connections, allowing for superior feature propagation and gradient flow, which are crucial for capturing
intricate vascular patterns and anomalies in the thermoregulation images.
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Figure 9. Training and validation accuracy

Table 1. Comparative Analysis

Method Accuracy
DeepLabV3+ 0,89
PSPNet 0,91
Proposed Method 0,95

CONCLUSION

The proposed research work shows the effectiveness of using semantic segmentation for diabetic vasculopathy
analysis based on thermoregulation imaging. Main findings show that the devised method of integration
MobileNetV2 with Unet++ architecture obtained better efficiency, demonstrated by an extended segmentation
accuracy of 95 % compared to the state of art methods like DeepLabV3+ (89 %) and PSPNet (91 %). During
training Segmentation performance, measured by Mean Intersection over Union (loU), was fairly accurate with
87 % and validation data with 85 %, which suggests that the model can accurately predict regions of interest
indicative of vascular abnormalities. The results of the proposed deep learning model greatly improve the
accuracy and dependability of non-invasive diagnosis of diabetic vasculopathy.
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