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Abstract


One of the most common and severe complications of diabetes mellitus is diabetic foot, making early detection a public health priority. Infrared thermography is a promising noninvasive technique for identifying abnormal thermal patterns associated with inflammation, neuropathy, angiopathy, and tissue damage. This technique involves acquiring infrared radiation emitted by the skin and processing it to generate thermal maps that reflect underlying physiological changes. However, the reliability of thermographic assessments depends on strict technical conditions, including sensor performance, environmental control, and reproducible measurements. Despite its advantages, the clinical adoption of thermography is limited by the absence of standardized acquisition protocols and the influence of external and physiological factors on temperature measurements. Addressing these challenges is essential to ensure the accurate interpretation and validation of results. Recent advances, such as the incorporation of artificial intelligence algorithms and the development of portable, low-cost devices, offer new opportunities to enhance thermography’s applicability in clinical settings and home monitoring.
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1. Introduction


Diabetes mellitus (DM) is a long-term metabolic disorder that occurs when the pancreas does not produce enough insulin or when the body’s tissues cannot respond appropriately to this hormone [1]. Insulin is a polypeptide hormone that is crucial for controlling blood glucose levels. It binds to specific cellular receptors and activates signaling pathways that help with glucose uptake and storage while also reducing its production [2]. In recent years, the number of people living with DM has increased substantially worldwide (see Figure 1). This disease is now one of the leading causes of death and disability because of its microvascular (retinopathy, nephropathy, neuropathy) and macrovascular (cardiovascular disease, stroke) complications. According to the international epidemiological reports, the global prevalence of diabetes among adults has increased steadily over the past decades, representing a major and growing public health challenge worldwide [3].



There are two types of diabetes: (i) Type I (insulin-dependent) diabetes, initially diagnosed in children, adolescents, and young adults, in which the body does not produce enough insulin; and (ii) Type II (non-insulin-dependent) diabetes, which occurs more frequently in adults, in which the body becomes resistant to insulin. Insulin plays an essential role by transporting glucose from the bloodstream into muscles, fat, and other cells, where it is stored or used as an energy source. Disruption of this hormone’s function can lead to an imbalance in glucose levels, which, if left uncontrolled for a prolonged period, can result in serious complications [4]. Type II diabetes mellitus (DM) has the most significant impact on health, as well as the social and economic consequences that come with it. It is the most common form of diabetes, and its prevalence has increased mainly due to sedentary lifestyles and rising obesity rates.



Beyond its rising prevalence, Type II diabetes poses challenges in early detection. Symptoms usually appear gradually. As a result, many people do not realize they have the condition until complications arise. The most common complications include heart issues, diabetic neuropathy, kidney problems, eye damage, and diabetic foot syndrome [5]. Neuropathy, damage to blood vessels, and reduced blood flow significantly increase the risk of developing diabetic foot syndrome. This condition is marked by foot ulcers, infections, and, in severe cases, gangrene of the affected tissues [5]. Although there is currently no unified international surveillance system that systematically records hospitalisations for diabetic foot complications, available epidemiological studies provide global estimates of their prevalence. Meta-analyses suggest that around 6.3% of adults with diabetes develop a diabetic foot ulcer annually, while between 3.1% and 8.8% have conditions that put them at high risk of developing this complication [6].



Beyond its clinical impact, diabetic foot syndrome poses a significant global burden on health, social, and economic systems. Costs vary widely depending on disease severity, treatment strategies, and the organization of the healthcare system. In Europe, the direct and indirect costs associated with diabetic foot are estimated at approximately USD $13,500 per affected person per year. In the United Kingdom, managing this complication consumes approximately 0.6% of the National Health Service’s (NHS) total budget, reflecting its significant impact on public health systems. In the United States, direct healthcare expenditures attributable to diabetes reached USD $237 billion in 2017, nearly 30% of which corresponded to diabetic foot complications. This places the condition among those with the highest economic burdens of chronic diseases. Although evidence from low- and middle-income countries is limited, available data confirm a significant burden. For example, in Brazil, care for diabetic feet accounted for approximately 0.3% of total public health spending, with outpatient care predominating over hospital care (87%). In addition to direct medical costs, indirect costs related to transportation, lost productivity, reduced mobility, and psychological burden further amplify the overall impact [7].



According to the Infectious Diseases Society of America (IDSA), a clinical diagnosis of a diabetic ulcer infection is made by identifying signs such as pain, redness, purulent discharge, swelling, cellulitis, abscesses, and fasciitis or osteomyelitis [8]. The traditional procedure relies entirely on the physician’s expertise, underscoring the need to integrate technological tools that enhance accuracy. For example, these tools can be used to monitor pressure loads, temperature, and glucose levels in sweat [9]. Thermal imaging cameras can be used to diagnose diabetic foot disease due to their ability to detect thermal changes early and efficiently, without invasiveness, thereby improving preventive care [10]. This is possible because the body temperature of an apparently healthy person remains within the range of 36.5–37.5 °C, which ensures proper metabolic function. Blood transfers heat from the center of the body to the extremities. However, in the feet, which are farther from the heart, temperature is influenced by factors such as blood circulation, vascular disease, physical activity, and the external environment [11]. People with diabetes and circulatory problems may have colder areas due to reduced blood flow. Similarly, when an infection or inflammation occurs in the foot, the immune system increases blood flow to the affected area, raising its temperature. This temperature increase occurs in subjects with inflammatory processes characteristic of Charcot arthropathy [12]. Physiological processes in the human body generate infrared radiation that can be detected remotely, without contact, using infrared thermography (IRT), allowing visualization of skin temperature patterns. In biomedical applications, IRT provides accurate skin-surface temperature measurements that can indicate potential pathological conditions (see Figure 2) [13].



Foot temperature alone is not a clear indicator, as it can vary with age, gender, and arterial disease. However, differences in temperature at the same spots on both feet are essential. They may show issues in blood flow, nerve function, or tissue metabolism in a specific limb [14]. A temperature difference of approximately 2.2 °C between corresponding points on both feet has been reported in the literature as an indicator of increased risk of injury or inflammation. Such temperature asymmetries may be detectable up to one week before ulcer formation and are associated with early inflammatory processes related to the body’s primary immune response to microtrauma, excessive pressure, or initial tissue damage [15]. To illustrate this process, the values shown in Figure 3 are not derived from direct clinical measurements. Instead, they represent a simulated model of the inflammatory process. This model serves an illustrative purpose and contributes to the conceptual understanding of how the diabetic foot behaves when at risk. The model shows a temperature increase of approximately 1–2 °C, consistent with values reported in the literature [10,16,17]. These studies indicate that such temperature variations may occur prior to ulceration in patients with diabetic foot.



However, the utility of monitoring thermal patterns is not limited to this pathology. Thus, in recent years, increasing attention has been given to the potential clinical applications of infrared thermography beyond diabetic foot assessment. A review of the literature reveals its use across a range of medical conditions, including musculoskeletal disorders, peripheral vascular disease, neuropathies, and inflammatory or infectious processes, in which temperature asymmetries and localized thermal changes reflect alterations in perfusion, inflammation, and metabolic activity [18]. Despite this growing interest, the utilization of thermography in many medical fields remains at an early stage of development, with several challenges still to be addressed. Although infrared thermography is currently employed in various clinical scenarios, it has not yet been incorporated into diagnostic guidelines; however, it is already considered by many an alternative diagnostic tool.



1.1. Fundamentals of Infrared Thermography


Given the clinical relevance of temperature monitoring in diabetic foot disease, understanding the technical foundations of thermography is essential. Thermography is a non-invasive, non-contact method that captures heat emitted by a body as electromagnetic radiation. Modern optoelectronic systems detect and measure this radiation in the far-infrared region of the spectrum (8–14 μm), allowing us to determine the surface temperature of the object or subject being examined. Thermography can be classified as either passive or active, depending on how the thermal data is gathered. In passive thermography, temperature readings are obtained from the natural thermal contrast between the target and its surroundings without the use of an external heat source. In active thermography, a controlled thermal stimulus is added to the area of interest to detect temporary or ongoing irregularities. Under ideal conditions, the surface temperature should appear uniform. Any deviation from this pattern may suggest an anomaly [19].




1.2. Thermal Imaging Cameras


Thermal imaging cameras convert the infrared radiation emitted by an object’s surface into electrical signals that represent its temperature. These signals are processed to create thermal images, also known as thermograms. The cameras consist of four main parts: an optical system, an infrared detector, a processing unit, and a display [20]. Capturing and digitizing thermal data involves detecting infrared radiation with an infrared detector, which converts it into an electrical signal proportional to its intensity. Infrared sensors fall into two categories: cooled and uncooled. Cooled detectors use semiconductor materials like InSb, HgCdTe, and InGaAs, which are sensitive to infrared radiation. These detectors require cryogenic cooling systems to maintain low temperatures, thereby reducing thermal noise and improving measurement sensitivity, speed, and accuracy.



On the other hand, uncooled detectors, such as microbolometers, operate at room temperature. They detect radiation by measuring the temperature increase in an absorbent material whose electrical resistance changes in response to the radiation. Although they are less sensitive, they offer low energy consumption, lower cost, and greater portability—characteristics that make them ideal for compact cameras. The electronic system uses physical models based on Planck’s law, along with parameters such as emissivity, distance, and environmental conditions, to process and calibrate the acquired signal. The resulting values are then visually represented using a false-color scale, with each shade corresponding to a temperature range. This generates an image of the surface’s thermal distribution (see Figure 4). However, not all cameras can provide quantitative temperature information, and only radiometric cameras convert radiation into absolute temperature values per pixel, making them suitable for scientific, medical, or diagnostic applications [21].



In the medical field, selecting a thermal imaging camera depends on the detector’s ability to provide stable, accurate temperature measurements. The IEC 80601-2-59:2019 + AMD 1:2023 standard outlines the safety, performance, and radiometric accuracy requirements that thermographs used to assess human body temperature must meet (see Table 1 [22]).



The technical characteristics listed in Table 1 ensure the accuracy and reproducibility of thermal measurements. Every parameter contributes to the reliability of the capture process: emissivity, defined as the ability of a surface to emit radiation in comparison to a black body—an ideal surface that absorbs and emits all incident radiation (emissivity = 1)—allows for accurate estimation of surface temperature, considering that human skin has an average value close to 0.98 [23,24]. The ability to detect minimal temperature differences is determined by resolution and thermal sensitivity, while radiometric calibration and environmental control reduce the influence of external factors.



The objective of this narrative review is to analyze the potential of infrared thermography for the early detection of diabetic foot. It addresses the underlying technical principles, clinical applications, current limitations, and future research directions.





2. Materials and Methods


2.1. Review Design and Search Strategy


This narrative review examined the use of infrared thermography as a diagnostic or screening tool for diabetic foot complications. A comprehensive literature search was conducted in SciELO, PubMed, and Google Scholar using keywords such as “thermography,” “infrared thermography,” “diabetic foot,” “diagnosis,” and “thermal imaging,” combined with Boolean operators (AND, OR).



Google Scholar was included to capture recent publications, conference proceedings, technical reports, and studies on low-cost thermographic devices that may not be indexed in traditional databases. The search covered publications from 1956 to 2025, spanning the earliest documented uses of infrared thermography to the most recent applications in diabetic foot assessment.




2.2. Eligibility Criteria


An initial pool of 60 publications was reviewed as part of the broader research on infrared thermography and diabetic foot assessment. For this narrative review, studies were selected based on their relevance to diabetic foot detection or assessment (e.g., neuropathy, ischemia, ulceration, or Charcot foot), their methodological or technological contribution, and their relevance to early detection or low-cost applications.



Historical studies describing the early use of temperature as a diagnostic indicator were considered for contextual purposes but were not included in the core analysis. Following full-text evaluation, 10 studies were retained as representative of clinical, technological, and methodological advances in the field.



	
Inclusion criteria






	
Addressed the use of infrared thermography in the evaluation, screening, or diagnosis of diabetic foot conditions.



	
Reported original research, including experimental studies, observational studies, case series, clinical trials, or technical reports.



	
Provided measurable or descriptive outcomes related to temperature distribution, thermal patterns, ulcer risk detection, inflammation, or neuropathy-associated changes.



	
Published between 1956 and 2025.



	
Articles available in English or Spanish.






	
Exclusion criteria






Studies were excluded if thermography was applied to anatomical regions other than the foot, if the pathology was unrelated to diabetic foot complications, or if the study lacked sufficient methodological detail or relevance to early detection or clinical assessment.



Because this review is narrative in design, a formal risk-of-bias assessment using standardized tools was not performed. However, potential sources of bias were considered qualitatively during study selection. These sources of bias included selection bias from the non-systematic search, publication bias from the predominance of studies reporting positive findings, and methodological heterogeneity across imaging devices, acquisition protocols, environmental conditions, and clinical validation strategies. Studies were selected based on the clarity of their methodological descriptions, their use of validated or calibrated thermographic systems, and their relevance to clinical or technological applications in diabetic foot assessment to mitigate these risks.




2.3. Study Selection


All retrieved records were screened in two stages. First, titles and abstracts were reviewed to identify studies on the use of infrared thermography to assess the diabetic foot. Then, the full texts of the articles were evaluated for relevance to the early detection, clinical evaluation, or technological approaches of diabetic foot complications (see Figure 5).



From an initial pool of 60 publications, 10 studies were selected based on relevance, clinical or technological contribution, and representation of different analytical approaches. Historical studies were included only for contextual purposes. The final set of included studies is summarized in Table 2.





3. Results and Discussion


3.1. Synthesis of Results from the Selected Studies


This section synthesizes the main findings reported in the selected studies included in this review. The results are presented descriptively, focusing on the reported applications of infrared thermography in diabetic foot assessment and on the general trends observed across the literature, as summarized in the corresponding tables.



Four key studies stand out among those reviewed for this article for the depth of their information, the methods they used, and the clinical relevance of their findings. These include the pioneering study by Benbow et al. (1994) [27], as well as more recent studies by Bayareh et al. (2018) [32], Arjela Ilo et al. (2020) [16], and Medrano-Jiménez et al. (2024) [17]. These studies provide detailed evidence on the application of thermography in the treatment of diabetic foot. A brief description of their main contributions is provided below to highlight the evolution and progress made in integrating this technique.



Benbow et al. (1994) were the first to use thermography to diagnose diabetic foot [27]. They applied contact thermography to track the average plantar temperature of diabetic patients with neuropathy over time. After an average of 3.6 years, six patients had developed neuropathic ulcers [27]. These patients had an initial average temperature of 30.5 ± 2.6 °C. This was higher than the temperature of patients who did not develop ulcers, which was 27.8 ± 2.3 °C (p < 0.01). This result shows that patients with higher temperatures are at greater risk of developing ulcers. Lavery et al. (1997) [28] used a portable infrared probe to measure temperatures over 22 months in patients with asymptomatic sensory neuropathy (n = 78), neuropathic ulcers (n = 44), or Charcot arthropathy (n = 21). The temperature difference between the affected foot and the apparently healthy foot was 4.6 °C in the Charcot group and 3.1 °C in the neuropathic ulcer group [28]. His work continued in 2004, when he conducted a second study with 85 patients with diabetes at high risk of developing diabetic foot. He assigned some patients to a standard therapy group and the others to an improved therapy group. This enhanced group included daily measurements of foot temperature and activity reduction if a difference of more than 2.2 °C was detected between the feet. The results showed that the monitored group had fewer diabetic foot complications, with a contrast of 2% versus 20% in the standard group over 6 months [29].



From the pioneering work of the late 20th century to recent studies, various investigations have explored the use of commercial thermal imaging cameras as tools for detecting and monitoring diabetic foot, validating temperature differences, and evaluating early-detection algorithms. However, many studies relied on expensive, inaccessible equipment, prompting researchers to adopt low-cost devices and portable platforms as a key strategy for early detection of complications. The studies mentioned below are distinguished precisely by this approach.



An example of this trend is the study by Bayareh et al. (2018), which developed a thermographic imaging system based on a Raspberry Pi with a FLIR Lepton sensor integrated for diabetic foot analysis [32]. This prototype captures thermal distribution and compares its performance with that of a commercial reference camera (FLIR E40). Validation was performed using reference patterns that simulated the warm and cold areas of the foot. The results showed an identification match of over 90% for the relative regions. However, the study focused on laboratory tests with simulated patterns and did not address verification in real clinical settings [32].



A recent study by Arjelena Ilo et al. (2020) in Finland highlighted the value of thermography [16]. Their research examined infrared thermography as a non-invasive method for detecting changes in blood vessels in the feet of diabetic patients. The researchers noted that, compared with healthy people, those with diabetes had higher overall foot temperatures and a significant difference in foot temperatures (see Figure 6). They also found clear temperature changes in areas with angiomas, early infections, and high-pressure spots on the feet [16].



Recently, Medrano-Jiménez (2024) used infrared thermography as a primary care tool for diabetic feet, evaluating its effectiveness in three scenarios: (1) suspected osteomyelitis, (2) assessment of ischemia and infection, and (3) diagnosis of symptomatic neuropathy [17]. They used an FLIR E6 camera for this study [17]. The results are shown in Table 3.



The study by Medrano-Jímenez demonstrates the efficacy of this non-invasive technique in facilitating the early identification of inflammatory, infectious, and neuropathic processes. In case 1, the system was able to differentiate between thermal asymmetry caused by plantar pressure and that caused by bone infection, as the difference when comparing the sectors was minimal. In cases 2 and 3, the temperatures obtained showed vascular and neuropathic complications, with moderate infection and risk of amputation (+2.2 °C), reduced arterial perfusion (−0.9 °C), and unilateral neuropathy with small but significant thermal differences [17].




3.2. Discussion of the Synthesized Results


3.2.1. Methodological Considerations of the Reviewed Studies


The findings of this narrative review should be interpreted in light of the several methodological limitations of the available literature. The literature search prioritized studies applying infrared thermography to diabetic foot assessment that were clinically relevant or validated, which may have limited the inclusion of works focused primarily on image processing without direct clinical correlation. Consequently, the synthesis emphasizes clinical applicability over algorithmic performance.



The reviewed studies demonstrate significant heterogeneity in terms of study design, sample size, imaging devices, acquisition protocols, and reported outcomes. This variability, together with the inconsistent reporting of diagnostic accuracy metrics (e.g., sensitivity, specificity, and predictive values), limits the comparability of the studies and prevents a quantitative synthesis or meta-analysis. Furthermore, most of the evidence originates from small-scale or exploratory studies, which restricts the generalizability of the results. Therefore, the synthesized findings should be interpreted as indicative of emerging trends rather than as definitive clinical evidence.



Finally, the simulation-based or illustrative analyses included in some studies provide methodological insights but have limited direct clinical applicability. These analyses should not be interpreted as validation of diagnostic performance.




3.2.2. Thermography Analysis for Detecting Diabetic Foot


Thermography is a non-invasive technique that captures the thermal radiation emitted by the skin, generating temperature maps of the foot surface. Among its advantages is the possibility of periodic monitoring and evaluating the progression of chronic diseases. The 2004 research by Lavery et al.showed that self-monitoring of temperature (assessing the same point on both feet) reduces the rate of ulcer occurrence. As a result of their research, the ulceration rate was 20% in subjects without self-monitoring and 2% in those with temperature monitoring [29].



There are various techniques for assessing diabetic feet, each with its own characteristics, advantages, and limitations (see Table 4). Among them is thermometry, which provides a visual analysis of the thermal distribution on the foot’s surface; however, its detection capacity is limited to specific areas.



Nevertheless, research has shown that thermography is a beneficial tool for this procedure. Thermography devices are generally less expensive to operate and non-invasive than conventional diagnostic tests, such as magnetic resonance imaging (MRI) or X-rays, used in more advanced stages, opening up the possibility of portable use and access in rural areas or clinics with limited resources. As mentioned, one of the most attractive features is the ability to transport this technology and make it easily accessible to patients; however, external environmental conditions (temperature, humidity, and/or airflow) in which the study is conducted can affect measurements. Similarly, the presence of body hair, sweat, or foot deformities can alter the results. This is why it is necessary to maintain controlled conditions in the capture environment (temperature: 21–25 °C and humidity: 60–70%) when performing a thermographic study. In addition, for accurate interpretation of thermal images, medical personnel must be trained in analyzing thermal patterns; otherwise, there is a risk of subjectively interpreting the results.




3.2.3. Why Has Thermography Not Been Validated as a Diagnostic Method?


Organizations such as the International Diabetes Federation (IDF), the Infectious Diseases Society of America (IDSA), and the American Diabetes Association (ADA) have not yet officially validated this technique. These organizations have published clinical guidelines and recommendations on diabetic foot care. In the case of the IDF, it focuses on prevention strategies, clinical evaluation, and management of diabetic foot through systematic examinations, patient education, risk classification, and timely care of ulcers or infections. However, these documents do not mention thermography as a diagnostic tool [35]. The 2023 IWGDF/IDSA Guidelines on Diabetic Foot clearly state that foot temperature—regardless of the method used, including thermography—is not recommended for diagnosing soft tissue infections in people with diabetes, due to a lack of robust evidence supporting its clinical effectiveness [8]. However, studies have shown that infrared thermography has physiological foundations and initial results that suggest its potential as an auxiliary tool for the early detection of complications in the diabetic foot [10,16].



Nevertheless, this evidence is insufficient to justify its adoption as a validated diagnostic test. A recent example is the study by Rodríguez-Alonso et al. (2023) [10], which evaluated the accuracy of thermographic imaging compared to the standard test proposed by the IDSA. Although an accuracy of over 90% was reported in diagnosing infections in diabetic ulcers, the authors emphasized that a single image is insufficient to establish a definitive diagnosis and that thermography should be used only as a complement to other clinical methods, not as the primary tool [10]. Similarly, the ADA, in its Standards of Care in Diabetes—2025, Section 12 (Foot Care), does not include thermography as a diagnostic tool; it recommends only visual inspection, sensitivity testing, peripheral pulse palpation, and ankle-brachial index measurement [36].



In the literature, the factors most frequently cited as calling into question the reliability of this technique include the influence of external factors such as ambient temperature, device calibration, and patient conditions, as well as the lack of consensus on measurement protocols [30,31]. Indeed, the lack of standardization in the processes for acquiring and analyzing thermographic images used in research is a significant factor in validating this technique. This is due to variability in the number of samples used, which, in many cases, are too small to yield solid conclusions. In addition, image interpretation is a significant limitation, as the identification of thermal patterns depends on the physician’s training and experience, resulting in subjective outcomes.




3.2.4. Required Elements for Clinical Validation


Clinical validation is a fundamental process for ensuring the reliability and usefulness of a medical device or method. It involves a rigorous evaluation of performance under real conditions to ensure accurate, reproducible, and clinically relevant results. Diagnosing diabetic foot using infrared thermography is far from achieving clinical validation. The main aspects requiring further development and research are:




	(i) 

	
Standardization of protocols









To ensure reproducible measurements, it is necessary to define the conditions under which images will be captured. This includes parameters such as ambient temperature and humidity; the patient’s acclimatization or rest time; and the patient’s position and the camera’s location (distance and angle). Specific camera settings, such as emissivity, resolution, and capture frequency, should also be standardized. Additionally, the process of interpreting and comparing thermographic images should be standardized by creating training programs for healthcare professionals. A priority task is identifying and validating specific temperature ranges that indicate a risk of ulceration, infection, or ischemia, and correlating them with other clinical and metabolic factors.



	(ii) 

	
Validation through large-scale clinical studies







Expanding the number of studies and including a larger patient population would yield more consistent results and demonstrate the technology’s effectiveness across broader groups. This research should compare thermography with standard diagnostic methods to evaluate its accuracy, sensitivity, and specificity. Clinical trials are necessary to confirm that the technology works reliably in real-world settings. Therefore, these evaluations should take place in hospitals or clinics under the supervision of healthcare professionals. Additionally, the thermography systems used must meet international medical device standards and regulations. Once these criteria are met, regulatory approval for clinical use is required, along with institutional acceptance and compliance with global regulations.




3.2.5. The Outlook for the Future and Advancements in Technology


Although thermography has not been formally validated, scientists are interested in developing systems that use this technique to detect and track diabetic foot conditions. Adding artificial intelligence (AI) offers a promising way to improve image interpretation and reduce variability in assessments. For instance, the Complutense University of Madrid, in collaboration with the technology-based initiative ClinicGram, is developing an application that combines patients’ clinical information with thermographic images of the feet to identify risks associated with diabetic neuropathy and peripheral arterial disease [37]. Similarly, a Brazilian technology-based research initiative supported by the FAPESP Innovative Research in Small Businesses Program (PIPE) has applied machine learning methods to predict foot-related complications, reporting that an initial prototype achieved over 85% accuracy in identifying high-risk cases [38].



Recent research has explored a wide range of machine learning and deep learning methods, including Support Vector Machines (SVMs), Random Forests, and pre-trained CNNs such as VGG-19 and DenseNet50, applied to diabetic foot thermograms. These techniques have laid the groundwork for efficient segmentation of the plantar region and image classification [39,40]. Building on these foundations, research between 2024 and 2026 has shifted toward more sophisticated deep learning architectures, including Swin Transformers, which have demonstrated improved spatial sensitivity and finer discrimination of thermal risk patterns. In parallel, portable AI-assisted systems for home-based monitoring have been explored and preliminarily validated in multicenter or multi-site studies, suggesting their feasibility for continuous risk surveillance. Recent specialized analyses report high diagnostic performance for detecting subtle thermal alterations associated with peripheral neuropathy, with accuracy values approaching 95% under controlled conditions. Collectively, these developments reflect a clear effort to enhance diagnostic reliability and support proactive care without replacing clinical judgment, while clearly underscoring that the international medical community has yet to converge on standardized clinical validation frameworks [41,42,43].



Looking ahead, the integration of AI with embedded and portable devices represents a promising pathway toward scalable and accessible tools for continuous monitoring and early risk detection. Deep learning algorithms have the potential to systematically analyze temperature asymmetries associated with inflammation, infection, and circulatory compromise, enabling region-of-interest identification and clinically informed thermal pattern classification. Crucially, these systems are intended to supplement—rather than replace—professional clinical assessment by supporting more informed and individualized disease monitoring. Their successful evolution will depend on the availability of large and diverse datasets, standardized acquisition procedures, rigorous data conditioning, and sustained clinical oversight to ensure reliability and reproducibility. In parallel, safeguarding sensitive patient information will remain essential, requiring robust anonymization strategies, controlled data access, and encryption mechanisms.






4. Conclusions


The reviewed evidence suggests that infrared thermography is a promising, non-invasive technique for supporting diabetic foot assessment by identifying thermal patterns associated with altered blood circulation and inflammatory processes. Current findings generally demonstrate its value as an auxiliary tool for early detection, screening, and longitudinal clinical monitoring in primary care rather than as a standalone diagnostic method. From a clinical perspective, infrared thermography is particularly well-suited for identifying patients who may require closer monitoring or referral to specialized care. In contrast, in specialized clinical settings, its role is supplementary and dependent on correlation with established diagnostic methods and clinical judgment.



Despite its potential, the clinical adoption of infrared thermography is limited by methodological heterogeneity, small sample sizes, and the absence of standardized acquisition and interpretation protocols. These limitations underscore the need for cautious interpretation of current results and demonstrate that existing evidence reflects an evolving field rather than definitive clinical validation.



Future research should prioritize the following: large-scale, multicenter clinical studies; the standardization of acquisition protocols and diagnostic criteria; and the systematic evaluation of performance metrics across diverse patient populations. To achieve these objectives, close multidisciplinary collaboration among engineers, data scientists, and clinical experts is required. This collaboration is necessary to ensure that technological developments address clinically meaningful questions and integrate seamlessly into existing clinical workflows. Promising research directions include integrating infrared thermography with machine learning approaches and extending its application to home or remote monitoring scenarios. However, clinical implementation should only be pursued after robust validation and regulatory acceptance.
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Figure 1. Global age-adjusted comparative prevalence of diabetes among adults aged 20–79 years [3]. 
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Figure 2. Illustrative AI-generated example of thermal distribution and anomaly detection (the image is simulated and not derived from clinical thermographic measurements or patient data). 
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Figure 3. Simulated model of diabetic foot skin temperature evolution before and after ulcer onset. The profiles are illustrative and not derived from direct clinical measurements, but are based on published trends and the inflammatory immune response [15]. The figure supports conceptual understanding rather than clinical thresholds. Orange markers indicate high-risk temperature levels: entry into the high-risk range (with inflammation already present), peak temperature prior to lesion appearance, and onset of the exposed lesion. 
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Figure 4. Conceptual diagram of the infrared thermal imaging system, showing thermal signal acquisition, encoding, and post-processing steps used to generate thermographic images (the black arrow indicates the analog-to-digital conversion process (ADC), transforming the analog sinusoidal signal into its digital representation). 
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Figure 5. PRISMA-style flow diagram adapted for a narrative review, illustrating the identification, screening, eligibility, and inclusion of studies on infrared thermography for diabetic foot assessment. 
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Figure 6. Average plantar temperature (°C) of both feet, reproduced from data reported by Arjeleena Ilo et al. (2020) [19], illustrating temperature distribution patterns described in the literature. 
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Table 1. Technical characteristics and acquisition parameters of thermal cameras used in medical procedures [22].
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	Characteristic
	Parameter/Value





	Thermal Sensitivity (NETD)
	≤0.1 °C (100 mK)



	Temperature Range
	20 °C a 50 °C (Accuracy ± 0.3 °C)



	Resolution
	≥320 × 240 pixels



	Field Of View (FOV)
	30° × 23° o 35° × 26°



	Focal length and working distance
	0.5–2 m



	Frame Rate
	9–30 Hz



	Response Time
	≤1 s



	Calibration and Stability
	Blackbody; tolerance ± 1 °C within ±5 °C of environmental variation



	Environmental stability
	15–30 °C; HR ≤ 85%



	Analysis software
	Selection of regions of interest (ROI), adjustable temperature scales and automatic detection of critical points



	Region Of Interest (ROI)
	Accuracy in Region of Interest (ROI) Localization and Tracking










 





Table 2. Summary of selected studies on the use of infrared thermography for the assessment and early detection of diabetic foot conditions.
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	Author/Year
	Approach/

Methodology
	Team
	Main Findings
	Observations





	Lawson, R.N., 1956 [25]
	Detection of breast tumors using infrared thermography in 100 women diagnosed with cancer and a control group.
	The Baird Evaporograph (Baird Associates, later Baird Corporation, Bedford, MA, USA), developed in the 1940s, was an early military infrared thermograph later adapted in the 1950s–1960s for medical diagnostic thermography.
	Areas affected by breast tumors showed a local temperature increase of 1 °C to 3 °C.
	In 1957, he published a complementary article [26], marking the formal beginning of radiometric medical thermography, describing a capture protocol and a quantitative relationship between temperature and pathological tissue.



	Benbow et al., 1994 [27]
	Liquid crystal contact thermography measures plantar temperature distribution to assess the risk of ulceration in 50 patients with neuropathy. Among these patients, 30 did not have peripheral vascular disease.
	Liquid crystal contact thermography system.
	Patients with diabetic neuropathy showed local temperature increases of 2–3 °C compared with the contralateral foot.
	The resolution of the liquid crystals limits the technique.



	Lavery et al., 1997 [28]
	Temperature differences between the left and right foot were assessed in patients with asymptomatic sensory neuropathy (n = 78), neuropathic foot ulcers (n = 44), and Charcot arthropathy (n = 21).
	Probe or portable infrared thermometer.
	Average temperature difference of 4.6 °C in patients with Charcot and 3.1 °C in patients with neuropathic ulcers compared to the contralateral foot.
	An increase in temperature was detected before the appearance of the lesion, suggesting that thermometry may indicate risks before a visible or exposed lesion appears.



	Lavery et al., 2004 [29]
	They assessed how well home-based foot skin temperature monitoring could prevent ulcers in people with type II diabetes. The study compared a standard care group (n = 41) with an improved care group (n = 44). Participants in the improved group measured their feet’ temperature twice a day, once in the morning and once in the evening.
	TempTouch portable infrared thermometer (Xilas Medical).
	There is a risk of ulceration if the temperature at one point on the foot exceeds 2.2 °C more than the same point on the contralateral foot.

Six months after the study began, foot complications were observed in only 2% of participants receiving optimized therapy, compared with 20% of those receiving standard care.
	They demonstrated that the temperature difference between the feet is a critical indicator for early ulcer detection in patients with diabetes.



	Bagavathiappan et al., 2010 [30]
	The study looked at how foot temperature relates to diabetic neuropathy in patients with type II diabetes. It compared the findings with vibration perception thresholds in 112 patients: 79 without neuropathy and 33 with neuropathy.
	AGEMA Thermovision 550 with platinum silicon (PtSi) photodetectors cooled by a Stirling cycle, spatial resolution 320 × 240 pixels, and thermal resolution of 0.08 °C.
	Measuring the temperature of the sole of the foot, it was found that people with diabetic neuropathy had a higher temperature (32–35 °C) than those without it (27–30 °C). In addition, a relationship was identified between the mean foot temperature and the vibration perception threshold in both limbs.
	It was demonstrated that elevated plantar temperature correlates with the severity of neuropathy (r = 0.3, p < 0.01).



	Hernandez-Contreras et al., 2019 [31]
	The study looked at how temperature is distributed across each foot sole. It used statistical and probabilistic methods to detect diabetic foot complications early, rather than relying solely on absolute temperature values. The research involved 122 participants with diabetes and a control group of 45 healthy subjects.
	FLIR E60 camera, spatial resolution 320 × 240 pixels, and thermal resolution of 0.05 °C.

A second FLIR E6 camera was included as a low-cost alternative, with a spatial resolution of 160 × 120 pixels and a thermal resolution of 0.06 °C.
	The Thermal Change Index distinguishes diabetic subjects from non-diabetic subjects by significant thermal changes in the angiosomes.

The thermal distribution in a diabetic subject differs statistically from that of subjects without diabetes.
	The temperature distribution within each foot allows risk assessment without relying on comparison with the opposite foot, which is helpful in patients with amputations or anatomical differences.



	Arjelena Ilo et al., 2020 [16]
	The researchers examined the use of infrared thermography as a diagnostic tool. They compared it with traditional non-invasive methods, such as the ankle-brachial index and toe pressure. The study included 118 patients with diabetes and a control group of 93 apparently healthy individuals.
	FLIR a325sc camera, spatial resolution of 320 × 240 pixels, and thermal resolution of 0.05 °C.
	The average temperature was higher in DM patients with neuro-ischemia, followed by patients with neuropathy. Patients with DM and angiopathy had lower average temperatures.

Overall, thermal differences > 2.2 °C.
	They highlight the importance of standardizing the technique and considering factors such as ambient temperature and acclimatization time.



	Bayareh et al., 2020 [32]
	They developed a low-cost thermographic instrument to capture images of the diabetic foot, aiming to detect temperature differences indicative of a risk of ulceration or infection.

They did not validate the device in patients, but used reference patterns and experimental models.
	FLIR Lepton 2.0 module, spatial resolution of 80 × 60 pixels, and thermal resolution of 0.05 °C.
	Simultaneous thermal images were taken with the developed prototype and with a commercial reference thermal imaging camera (FLIR E40).

Validation was based on comparing relative patterns between the two images, analyzing the coincidence of hot and cold areas of the foot. A correspondence of more than 90% was observed between the identified regions, proving that the prototype reliably reproduced the overall thermal distribution.
	



	Rodriguez-Alonso et al., 2023 [10]
	They compare infrared thermography with standard clinical diagnosis using the Infectious Diseases Society of America (IDSA) criteria to detect infections in diabetic ulcers.

The study included 80 suspected infected diabetic ulcers in 72 patients with type II DM.
	FLIR E8 camera with spatial resolution of 320 × 240 pixels and thermal resolution of 0.05 °C.
	Thermographic infection was defined as a difference between the lesion area and the surrounding tissue of ≥3 °C. According to this definition, 53.75% of the cases evaluated were classified as “infection.”

Based on cross-testing, a sensitivity of 82% and a specificity of 100% were calculated, yielding an overall accuracy of 91%.
	The authors point out that although the results are promising, thermography should not completely replace clinical diagnosis; instead, it should be used as a complement.



	Medrano-Jiménez et al., 2024 [17]
	Thermography was used to evaluate suspected osteomyelitis, ischemia, and infection, as well as symptomatic neuropathy, in patients with specific DM.
	FLIR E6 camera, spatial resolution of 120 × 160 pixels, and thermal resolution of 0.06 °C.
	Thermography detected inflammation in the left foot (1.5 °C) without osteomyelitis, moderate infection, and reduced perfusion in the right and left feet, respectively, and unilateral neuropathy with small but significant thermal differences, evidencing neurovascular alterations in patients with diabetes.
	They emphasize that there is no thermographic record that allows observation of the evolution of the lesion, inflammation, infection, or neuropathy, which limits the ability to evaluate progressive changes.










 





Table 3. Thermographic results and clinical diagnosis for diabetic foot assessment in primary care, derived from the investigation by Medrano-Jiménez [17].






Table 3. Thermographic results and clinical diagnosis for diabetic foot assessment in primary care, derived from the investigation by Medrano-Jiménez [17].





	Condition
	Thermography Results
	Clinical Diagnosis





	Osteomyelitis
	ΔT = 0.1 °C (affected foot − contralateral).
	No osteomyelitis present.



	Ischemia and infection
	ΔT = 1.8 °C (infected foot − contralateral).

ΔT = −0.9 °C (affected foot without infection).
	The presence of infection in the affected foot is indicative of ischemia.



	Symptomatic neuropathy
	Asymmetrical distribution of points with higher and lower temperatures between both feet.
	Unilateral sensory neuropathy.










 





Table 4. Comparison of infrared thermography with commonly used non-invasive techniques for diabetic foot assessment [33,34].
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	Technique
	Invasiveness
	Relative Cost and Portability
	Type of Information
	Stage of Detection





	Infrared thermography (IRT)
	Non-invasive, non-contact
	Low–moderate cost; high portability (handheld and portable systems available).
	Thermal patterns related to inflammation, perfusion changes, and asymmetries.
	Early/pre-ulcerative



	Ankle–Brachial Index (ABI)
	Non-invasive
	Low cost; moderate portability (portable cuffs and Doppler probes, patient positioning required).
	Vascular perfusion and arterial obstruction.
	Early to intermediate



	Doppler ultrasound
	Non-invasive
	Moderate cost; moderate–low portability (bulkier portable units, stable power supply required).
	Blood flow velocity and vascular anatomy.
	Early to advanced



	Plantar pressure analysis
	Non-invasive
	Moderate cost; low–moderate portability (platform-based or in-shoe systems, controlled environment needed).
	Mechanical load distribution and pressure points.
	Early risk assessment



	X-ray
	Minimally invasive (ionizing radiation)
	Low–moderate cost; low portability (fixed radiological infrastructure).
	Soft tissue integrity, deep infections, osteomyelitis.
	Advanced diagnosis



	Magnetic Resonance Imaging (MRI)
	Non-invasive (non-ionizing magnetic fields; contrast agents may be required in some protocols)
	High cost; very low portability (large, fixed, hospital-based equipment).
	Bone structure, deformities, fractures.
	Advanced diagnosis
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