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Avrticle history Diabetic wounds, particularly diabetic foot ulcers, are among the most debilitating
Received: 01.06.2025 complications of diabetes mellitus, often leading to chronic infection, poor quality of life, and
Available online: 27.06.2025 even limb amputation. The wound healing process in diabetic individuals is profoundly
impaired due to prolonged hyperglycaemia, vascular insufficiency, neuropathy, and an altered
Keywords immune response. These factors contribute to delayed healing, increased risk of infection, and
Artificial Intelligence, elevated healthcare costs. Recent advances in Artificial Intelligence (Al) have introduced
Diabetes, novel opportunities to address the multifaceted challenges of diabetic wound care. Al-
Wound healing, powered tools can facilitate early detection, wound classification, risk stratification,
Diabetic wounds, personalized treatment planning, and continuous remote monitoring. Technologies such as
Diabetic foot ulcers. deep learning, computer vision, and predictive modelling are being integrated into

smartphone apps, wearable devices, and clinical decision support systems to enhance both
diagnosis and therapeutic outcomes. Despite promising progress, limitations including data
quality, algorithm transparency, and clinical validation remain significant barriers. This
review explores the pathophysiology of diabetic wound healing, the clinical complications,
and the emerging role of Al in revolutionizing wound care, while highlighting current
limitations and future directions for research and implementation.
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Introduction

Diabetes mellitus is a metabolic complaint that's characterized by hyperglycemia associated with differences in
carbohydrate, protein, and fat metabolism!!. According to the International Diabetes Federation( IDF) Diabetes
Atlas( 2024), Number of people with diabetes in world is over 8.1 billion living with diabetes worldwide and
it's estimated to 9.7 billion by 205012,

Hyperglycemia, a physiologically aberrant state typified by persistently high blood glucose levels, is a hallmark
of diabetes mellitus, also referred to as diabetes®®!. The vasculature of the organ systems is disrupted structurally
and functionally by hyperglycemia, which results in micro and macro vascular problemst. Impaired wound
healing is one of the complications associated with diabetes. Chronic inflammation, hypoxia, autonomic and
sensory neuropathy, micro and macro circulatory dysfunction, hyperglycemia, and compromised neuropeptide
signaling all contribute to delayed wound healing.!” Wounds are unavoidable in life and can result from
physical, chemical, or microbial factors. Wound healing is a complex process involving various cells, cytokine
mediators, and the extracellular matrix, progressing through distinct yet overlapping stages: hemostasis,
inflammation, proliferation and remodeling. This creates a continuous healing process. For effective healing,
the damaged tissue requires a sufficient supply of blood and nutrientst®.

Importance of Wound healing
Diabetic ulcers can result in the following outcomes if they are not managed and treated.

1. Infection: Patients with diabetes have weakened immune systems, which makes ulcers more susceptible
to infection and slows down the healing process. Severe infections pose a hazard to the body's health
because they can spread to nearby tissues and bones.

[7108]

2. Deep tissue damage: Due to neuropathy and circulation concerns, diabetic ulcers typically develop in
the foot and can harm the deep tissues, including muscles, ligaments, and bones™. Joint stiffness,
muscular weakness, and even fractures may result from this!%

3. Chronic pain: Persistent discomfort from diabetic ulcers may impair a patient's everyday activities and
quality of life. Emotional and mental health can be negatively impacted by chronic paint*1*2t3],

Pathophysiology of Wound Healing in Diabetes

Haemostasis : Haemostasis begins with exudate components like clotting factors. Fibrinogen in the exudate
triggers the clotting process, leading to the coagulation of the exudate (blood lacking cells and platelets). This,
along with the creation of a fibrin network, forms a clot in the wound, halting bleeding. The clot then dries into
a scab, offering strength and support to the damaged tissue™*.

Inflammation: Inflammation manifests clinically as redness, heat, swelling, discomfort, and loss of function.
Blood clotting is started by vasoconstriction and platelet aggregation, which are followed by vasodilation and
phagocytosis to increase inflammation at the wound site!*®).

Proliferation: The proliferative phase occurs nearly contemporaneously or just after the migration phase and
rudimentary cell proliferation, which lasts for between 2 and 3 days. Granulation towel is formed by the in-
growth of capillaries and lymphatic vessels into the crack and collagen is synthesised by fibroblasts giving the
skin strength and form™®.
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Remodelling phase: This phase involves the conformation of cellular connective towel and strengthening of
the new epithelium which determines the nature of the final scar. Cellular grainy towel is changed to an

acellular mass from several months up to about 2 years

[17][18]

0 Bleeding and hemostasis o Inflammation
—=86ab
Epidermis Epidermis %',
Dermis Injury Dermis * |/ Migratory

\ / epithelial cells

Blood vessel Macrophage SRR
A Neutrophil—a _ Fibroblast
N

a Proliferation ° Remodeling

Epidermis Epidermis
#//_,A\;\ //"’/ﬁ—" ~<=l = ]
Dermis ~ ~ Granulation Dermis i Soar
\> — lissue — tissue
Proliferating/:—;;_ ; —
fibroblasts

Figure 1 : Phases of wound healing Stages of the wound healing cascade. Created by using
BioRender.com. | Download Scientific Diagram %

Diabetes-related poor wound healing is typified by disturbances in several phases of the typical healing process.
The key pathophysiological changes include:

1.

Impaired Inflammatory Response: Diabetes delays the recruitment of immune cells such as neutrophils
and macrophages by altering the usual inflammatory cascade. This hinders the removal of bacteria and
lowers the production of pro-inflammatory cytokines, which are necessary to start the healing process?.
Endothelial Dysfunction and Reduced Angiogenesis: Damage to endothelial cells brought on by
hyperglycemia impairs vasodilation and lowers nitric oxide production. This reduces the amount of blood
that reaches the wound site, which limits the availability of nutrients and oxygen needed for tissue
regeneration!?™,

Oxidative Stress and Increased Reactive Oxygen Species (ROS): Oxidative stress brought on by high
glucose damages cells and slows down the healing process. The production of extracellular matrix (ECM)
and fibroblast proliferation are further hampered by ROS buildup!??.

Altered Growth Factor Expression: Important growth factors that are essential for cell migration,
proliferation, and extracellular matrix deposition, including vascular endothelial growth factor (VEGF),
transforming growth factor-beta (TGF-B), and platelet-derived growth factor (PDGF), are expressed less
frequently in people with diabetes!®!.

Delayed Collagen Synthesis and ECM Remodeling: Reduced collagen production as a result of impaired
fibroblast function jeopardizes the structural integrity of newly created tissue. ECM remodeling is further
delayed by the disruption of the equilibrium between matrix metalloproteinases (MMPs) and tissue
inhibitors of metalloproteinases (TIMPs)!*!.
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6. Neuropathy and Impaired Sensory Perception: Because diabetic neuropathy impairs pain perception,
there is a greater chance of invisible injuries turning into chronic wounds!®®!.

Common Types of Diabetic Wounds

Diabetic Foot Ulcers (DFUs)

Patients with diabetic foot ulcers are classified as neuropathic if they have peripheral neuropathy, ischemic if
they have PAD but no peripheral neuropathy, and neuroischemic if they have both microvascular disease and
peripheral neuropathy®. The potential complications associated with DFU encompass the necessity of
amputation due to gangrene and infection "1,

Ischemic Ulcers

Insufficient blood flow results in local ischemia in the skin and underlying tissues, which leads to ischemic
ulcers. If treatment is not received, these ulcers, which frequently begin at the fingertips, can develop into blue
discolouration, necrosis, or gangrene and increase the risk of amputationt?®’.

Arterial Ulcers

Patients with diabetes are more susceptible to arterial ulcers, which produce excruciating pain due to inadequate
blood flow into the peripheral blood arteries. The transport of oxygen and vital nutrients to the tissues is
diminished by inadequate blood circulation, which has negative consequences and ultimately results in cellular
death, also known as necrosis?*

Neuropathic Ulcers

Ulcers that are neuropathic, a physiological process that results in diminished sensory function, motor
weakness, and loss of autonomic function, is the cause of these ulcerst®®. Approximately 8.2% of diabetic
patients are affected by neuropathic ulcers and commonly experience a loss of peripheral sensation.

Neuroischemic Ulcers

People who have peripheral neuropathy and ischemia from PAD develop neuroischemic foot ulcers
Individuals with neuroischemic ulcers were less likely to feel pain and more likely to cite external triggers for
their ulcers than individuals with ischemic ulcerst®®!.

[32]

cb

Ischemic

>

Figure 2 : Diabetic wounds
Foot Ulcers: Spectrum of Ischemia | Michael Cumming, MD, MBA 34
ARTIFICIAL INTELLIGENCE IN HEALTHCARE
Acrtificial intelligence is a field of computer science focused on creating systems or models that can analyze data
and manage complex tasks across various applications™. Diabetes wounds have been prevented, diagnosed,

Neuropathic
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and treated by computer technology. Recent technology advancements in healthcare have been mostly driven by
Al approaches, computer vision and digital image analysis methodologies, machine learning, and deep
learning®®®l. Better prognoses, preventative measures, and more individualized care have all been made possible
by AI¥7,

A convolutional neural network and super pixel segmentation are two deep learning technologies that have been
developed to classify pressure and diabetic wound photos more accurately than previously possible®®E%. One
model, called "Alexnet architecture,” achieved 99% specificity, 99% sensitivity, and 99% accuracy®”. Such
high numbers are required to track the healing process. Mohammed et al. saved around two minutes on each
wound evaluation by using an Al digital application to take high-quality wound photos and determine the
surface area of the wound more quickly than clinic employees using a conventional digital cameral*!,

Digital support for diabetes care has been developed through the use of machine learning and deep learning
techniques. These include of k-nearest neighbor, decision trees, random forests, naive Bayes, support vector
machines, artificial neural networks, and classification and regression treest?.

Early
detection
and
Diagnosis

Increased

accessibility Adva ntages Wc_:unt_i
to wound N monitoring
care 0 at home

Accuracy
and
efficiency

Figure 3: Advantages of Al

Al AND DIABETIC WOUND DIAGNOSIS

Diabetic wound detection is a time-consuming task that calls for specialized knowledge and abilities. However,
not every part of the world has access to this expertise. Telemedicine and computer-aided technologies can
enhance medical facilities in these isolated locationst®®.,

Wound
Prognosis

Wound Wound
and
Prevention

Diagnosis Management

Treatment times for diabetic issues can be shortened by early detection. Additionally, it can lessen the
likelihood of morbidity and imputation. Delays in diagnosing diabetic ulcers may result from a lack of medical
knowledge and other resource limitations. Infrared thermography is mostly used in computer-aided diagnosis
(CAD) to identify ulcers in diabetic patients. It displays the plantar foot's temperature distribution. The meaning
of thermographs and the state of a patient's wounds is complicated. Data mining, machine learning, and deep
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learning techniques can be used to examine and evaluate these trends. CAD systems have been shown to be
highly successful in identifying areas that are prone to ulcers®®.

Al IN WOUND MANAGEMENT

Many Smartphone applications (apps) have been designed to facilitate wound monitoring at home, where most
wound management happens. These applications accurately diagnose and evaluate chronic wounds by using
factorization-based segmentation, removing background "noise,” and automatically calibrating color and
measurement in images of wound tissue*!*l. Additionally, one app can identify the oxygenation of wounds'
underlying tissue. Early detection of these issues may help stop future worsening, as poor wound oxygenation
can delay recovery!,

Recent developments in Al have led to innovative approaches in promoting wound healing, such as the creation
of an Al-powered bandage. Kalasin and colleagues designed a smart bandage that integrates a flexible sensor
and a deep neural network algorithm. This bandage includes MXene, a graphene-like, two-dimensional
transition metal compound that boosts conductivity and sensing abilities. The dressing is made from a
poly(vinyl acrylic) gel blended with polyaniline, which reacts to the pH level of the wound. As the wound's pH
changes, the dressing produces a voltage signal that reflects different healing stages. The deep learning model
interprets this signal to determine the wound's healing phase with 95% accuracy, enabling healthcare providers
to make more informed treatment decisions*®’.

Al IN WOUND PROGNOSIS

Chronic wounds are difficult to heal because of various interconnected factors such as weakened immunity,
poor blood flow, and ongoing inflammation, often leading to poor outcomes. Making accurate predictions about
healing requires extensive data collection, and researchers have turned to Al for help. Topaz and colleagues
created a natural language processing tool that extracts detailed wound-related information from unstructured
clinical notes, enabling the collection of thorough data on comorbid conditions, risk factors, and root causes of
wounds*”. AI’s powerful data extraction capabilities make it useful for predicting outcomes and recovery
prospects. Robnik-Sikonja and colleagues applied machine learning to examine how various factors related to
the wound, the patient, and the treatment impact the rate of wound healing!*®l. Ngo and colleagues explored the
use of machine learning to analyze texture patterns in thermal images of venous leg ulcers to forecast delayed
healing. Using a Bayesian neural network, they reached a sensitivity of 79% and a specificity of 60%. While the
model showed moderate sensitivity, its lower specificity means healthcare providers must still confirm results
carefully to prevent unnecessary treatments caused by false positivest*®!.

As Al-powered tools like smart mattresses and bandages are developed, the fair distribution of resources
becomes increasingly important. Guided by the ethical principle of justice, resource allocation often focuses on
patients in the most critical condition or those most likely to benefit and avoid severe outcomes. While many
studies have focused on predicting wound healing, Al also holds potential in forecasting wound occurrence. For
example, Alberden and colleagues developed a machine learning model to predict the risk of pressure ulcers in
surgical critical care patients®”.

AI-DRIVEN PERSONALIZED TREATMENT IN DIABETIC WOUND CARE

The use of artificial intelligence in creating individualized treatment programs for diabetic wounds, especially
diabetic foot ulcers (DFUs), is growing. Al systems can customize interventions to meet the needs of each
patient by incorporating patient-specific data, improving healing outcomes and lowering complications.
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1. Predictive Analytics for Risk Stratification

In order to forecast healing trajectories and possible problems, Al models examine clinical data, including
wound dimensions, tissue types, infection signs, and patient comorbidities. This makes it possible for doctors to
proactively modify treatment programs and identify high-risk individuals®®!.

2. Integration with Wearable Technologies

Through the tracking of variables including plantar pressure, temperature, and mobility, wearable technology
contributes to real-time foot health monitoring. By offering early warnings of possible problems, these devices
enable prompt treatments and enhance patient outcomes in the prevention of DFUP2IB3],

3. Al-Powered Wound Dressing Development
A paradigm shift in wound care, the incorporation of Al into wound dressing development radically changes
how dressings are created, evaluated, and optimized. The capacity to establish a closed-loop feedback system
that combines computer simulations, real-world clinical data, and laboratory studies is one of the biggest
benefits of Al-powered clothing development™.

Al ASSISTED WOUND HEALING PRODUCTS

PETAL.: Battery-Free Al-Enabled Sensor Patch

Together, the Institute of Materials Research and Engineering (IMRE) at A*STAR and the National University
of Singapore (NUS) have developed a novel technique that enhances wound care and management by offering a
quick, easy, and efficient way to track wound healing™. Among other biomarkers, the PETAL (Paper-like
Battery-free in situ Al-enabled Multiplexed) sensor patch measures the wound's temperature, moisture content,
pH, trim ethylamine, and uric acid levels. These indicators were carefully chosen to assess inflammation,
infection, and the condition of the wound environment!*®.

Smart Bandages with Al-Integrated Sensors

Smart wound dressings that use Al and sensor technologies for ongoing monitoring have been developed as a
result of recent developments. Al algorithms that forecast and optimize tissue regeneration paths can use the
real-time data from these dressings' ability to detect a variety of wound factors, including temperature, moisture,
and biochemical markers™.

Al-Powered Mobile Applications for Wound Assessment

Al is used by Smartphone apps such as CARES4WOUNDS to evaluate wound properties, such as tissue
classification, size, and depth data. These applications improve the precision and effectiveness of wound care by
forecasting the risk of infection and suggesting treatment strategies®" %!,

3D Bio-Printable Patches

Biomaterials and 3D printing are opening door to creative regenerative medicine solutions™. Debridement, or
the surgical removal of damaged tissue, is typically the next step in treating skin wounds like DFU. The
production of 3D patches needs to be completed as soon as possible to avoid contaminating debrided
wounds'®. Al systems can create customized bio-printable patches to treat diabetic foot ulcers by using 2D
photos to create 3D wound models.
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CLINICAL APPLICATIONS AND CASE STUDIES OF Al IN DIABETIC WOUND HEALING
KroniKare : Al-Driven Wound Assessment System

An Al-based tool called KroniKare was created in Singapore to automate the evaluation and treatment of
chronic wounds. By analyzing wound photos using computer vision and semantic segmentation, it drastically
cuts the assessment time from thirty minutes to about thirty seconds. Clinical studies conducted at facilities such
as Changi General Hospital and St. Andrew's Community Hospital showed enhanced wound monitoring and
early problem detection®.

CARES4WOUNDS (C4W): Mobile Al Tool for DFU Monitoring

Al is used in the C4W application to help with wound measuring and imaging. The app showed strong intra-
rater reliability (0.933-0.994) across several devices in a study with 28 DFU patients. The equipment worked
well for regular wound monitoring, despite its limits in determining wound depth!®®,

DFUC are: Smartphone-Based DFU Monitoring Platform

Using smart phone photos, DFU Care is a deep learning-based technology that automatically detects, classifies,
and tracks DFUs. It incorporates models such as InceptionResNetV2 for infection and ischemia classification
and YOLOV5s for wound location®?. Its clinical value for remote wound monitoring was supported by a pilot
research conducted at the Postgraduate Institute of Medical Education and Research in India, which
demonstrated strong agreement with physician assessmentst®?.

3D Bio-Printable Patches for Diabetic Foot Ulcers

An actual clinical trial at the Catholic University of Korea's Eunpyeong St. Mary's Hospital in Seoul, Korea,
using a case study to illustrate the efficacy of AiD Regen (IRB PC21EOSE007). The patient had Type 2
diabetes and was a 67-year-old lady. Using a 3D bio-printer called Dr. Invivo, the doctor created a 3D patch
model using AiD Regen and manufactured an MA-ECM patch. The patch produced by AiD Regen was 9797%
the same size as the one made by a professional using a CAD modeling tool, 96% of the patient's wound was
closed within 34 days following therapy, indicating a significant healing of the wound™®!.

Case Study: Smartphone App for Chronic Foot Ulcer Management

A patient-facing smartphone application helped a 57-year-old man with type 1 diabetes and a chronic foot ulcer
effectively manage his conditions. Remote monitoring was made possible by the app, which led to better
healing results and prompt treatments(®*.

CHALLENGES WITH Al IN WOUND CARE

Despite its promise to greatly improve wound care, artificial intelligence presents a number of difficulties.
Transparency and documentation, risk management, data validation with clear indications of intended use,
ensuring unbiased and quality data, protecting privacy and data security, and encouraging cooperation among
regulatory bodies to secure safe usage of Al are the six difficult but essential regulatory areas listed by the
World Health Organization for the thoughtful application of Al in health!®®],

LIMITATIONS

LIMITATIONS OF ARTIFICIAL INTELLIGENCE

The application of Al in diabetes care has several limitations.

Human factors

Some research have assessed the factors impacting the usage of Al in the treatment of diabetes. Younger
individuals were found to benefit more from mobile apps for diabetes treatment in a meta-analysis of 14
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randomized control studies, and the impact size was increased with input from medical professionals®®’. Al has
the potential to de-skill doctors by generating dependency. This could create a vicious loop of insufficient
precision because Al itself needs to be improved on a regular basis by professionals®’..

Technical factors

Cost, implementation, and accessibility are obstacles to the application of Al in diabetes care. Interoperability is
cited as a frequent possible obstacle to the use of increasingly diverse devices and apps in the management of
diabetes!®®,

Limitations of data

One of the most frequent problems in diabetes management is the lack of supporting data needed to create
precise and logical algorithms. For digital applications to create effective solutions, data sets will need to be
increasingly developed and organized. Regulations, security, and data protection issues are also impeding the
smooth integration of technology in diabetes care!®®.

Limitations of design

Retrospective data sets have been used to validate current Al models and applications in the treatment of
diabetes. There is potential for automating diabetes management if these technological advancements are
validated prospectively®”.

FUTURE DIRECTIONS FOR Al IN WOUND HEALING

Personalized care paths could be developed by Al-powered decision support systems utilizing patient-specific
information such as age, comorbidities, wound kind, and healing status. Precision wound care may be made
possible by the integration of lifestyle, proteomic, and genetic data. Amputation risk, infection risk, and wound
healing times can all be predicted using machine learning algorithms. Early warning systems can identify
wounds that are not healing or recommend preventative measures.

Al-enabled biosensors and smart dressings can continuously check pH, moisture content, temperature, and
infection biomarkers. Real-time feedback loops could improve healing outcomes by dynamically adjusting
treatment. In distant or resource-constrained environments, smartphone apps that use Al-enhanced wound
imaging can increase access to wound treatment. Patients can submit photographs of their wounds to clinics via
asynchronous monitoring devices, which cuts down on in-person visits. The accuracy of diagnosis and decision-
making can be improved by merging imaging data, lab results, clinical notes, and patient-reported symptoms
through a single Al model. The kind and quantity of bacteria present in the lesion frequently affects how
quickly the wound heals. More precise evaluations of healing may be made possible by research into using Al
to the analysis of bacteriology, periwound regions, and wound exudatest’.

Asynchronous learning and the establishment of global wound databases can enable Al models to learn from
dispersed datasets without violating patient privacy. Clinicians may be able to visually evaluate various
therapies and simulate wound progression thanks to advanced imaging and Al-driven 3D modeling. Future
developments could include Al-powered robots that aid with wound care, changing dressings, administering
treatments, or independently monitoring recovery.

CONCLUSION o
With its promising breakthroughs in early identification, individualized treatment planning, remote monitoring, g
and predictive analytics, artificial intelligence has the potential to revolutionize the field of diabetic wound care. &
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By harnessing diverse data sources ranging from clinical imaging to wearable biosensors Al-driven solutions
can enhance diagnostic accuracy, reduce healing time, and minimize the risk of complications such as infections
or amputations. However, despite these advancements, several challenges remain, including data
standardization, model generalizability, and regulatory hurdles. The key to incorporating Al smoothly into
standard wound care procedures will be addressing these limits by strong clinical validation, moral Al
implementation, and interdisciplinary co-operation. With continued innovation and refinement, Al has the
potential to significantly improve outcomes and quality of life for individuals suffering from diabetic wounds.
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