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Abstract

:

Featured Application


This study shows the potential of infrared thermography to contribute to the diagnosis of conditions such as Carpal Tunnel Syndrome, Dupuytren’s contracture, Osteoarthritis, and Rhizarthrosis. Despite known limitations, including the cross-sectional design and exclusion criteria, the findings suggest that infrared thermography holds promise as a non-invasive and valuable tool for clinical diagnostics, providing insights into temperature variations associated with different hand pathologies. Healthcare professionals can leverage these data to assess the severity of inflammation and understanding the impact of hand neuropathies and orthopaedic disorders.




Abstract


Hand neuropathies and musculoskeletal disorders represent significant health concerns, often requiring accurate and non-invasive diagnostic methods. Current diagnostic approaches may have limitations in terms of accuracy and patient comfort. This study addresses the need for an improved complementary diagnostic tool for these conditions by investigating the potential of infrared thermography for identifying thermal patterns associated with these pathologies. Thermal images were acquired from both control participants with healthy hands and patients with hand neuropathies and/or musculoskeletal disorders. The mean temperatures of various regions of interest (ROIs) were analysed, and statistical tests were conducted to determine if there were significant temperature differences between the control and injury groups. The analysis consistently revealed higher mean temperatures in the injury group across multiple ROIs on both the dorsal and palmar aspects of the hand. Levene’s test confirmed the equality of variances between the groups, supporting the validity of the statistical comparisons. The observed thermal differences between the control and injury groups underscore the potential of IR thermography for enhancing diagnostic precision of hand pathologies. Its integration into clinical practice could lead to early detection, personalised treatment, and improved patient care in the future.
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1. Introduction


In the context of clinical diagnostics, there has been a continuous need to find non-invasive and efficient diagnostic tools. The ability to accurately assess the conditions affecting patients and proactively track symptoms, especially in cases of hand neuropathies and musculoskeletal disorders, can significantly improve treatment outcomes and enhance the overall quality of life. In recent years, infrared thermography (IRT) has emerged as a promising technology that has enormous potential to support the diagnosis and management of these conditions.



Hand neuropathies and musculoskeletal disorders are debilitating conditions that can manifest in various forms, causing pain, discomfort, and loss of function in the hands [1,2].



Upper extremity neuropathies refer to conditions where there is impairment or malfunction of the nerves in the upper limbs, often resulting from factors such as compression, inflammation, and trauma [3]. The distinct sensory regions innervated by the hand’s nerves, namely the median, ulnar, and radial nerves, are displayed in Figure 1.



Prolonged compression of the median nerve within the wrist leads to the development of Carpal Tunnel Syndrome (CTS), the most prevalent entrapment neuropathy [4] affecting 7% to 19% of the population [5]. CTS is more common in women than in men and its incidence tends to increase with age [6]. In addition, conditions involving mechanical, traumatic, inflammatory, or hormonal factors, such as rheumatoid arthritis, diabetes mellitus, hypothyroidism, pregnancy, and morbid obesity, may contribute to heightened pressure within the carpal tunnel (higher than the normal pressure of 10 mmHg), thereby increasing the risk of CTS [7,8,9,10,11,12,13]. Activities and professions characterised by repetitive hand and wrist movements of flexion and extension under significant force, such as forceful gripping, have also been linked to CTS [14]. In the earliest stage of the disease, the typical symptoms reported by patients with CTS include sleep disturbances due to hand numbness and a sensation similar to swelling and nocturnal brachialgia paraesthetica, which is described by pain extending from the wrist to the shoulder and tingling in the hand and fingers, and can be relieved by repeatedly shaking the wrists [5,13,15]. As the condition progresses, these symptoms also tend to occur during the day, and become more frequent when performing repetitive movements demanding prolonged wrist flexion, such as holding an object with the hands. In an advanced stage, weakness and potential hypotrophy or atrophy of the thenar muscles can be reported along with sensory loss in the first three fingers (thumb, index, and middle) and the radial side of the ring finger [4].



On the other hand, when the ulnar nerve gets compressed while passing trough the cubital tunnel on the inner side of the elbow, the second most prevalent entrapment neuropathy arises, known as Cubital Tunnel Syndrome (CuTS) [16]. Although the cubital tunnel is the most common area of compression, ulnar nerve damage can also occur from C8-T1 nerve root fibers to the wrist [17]. In this condition, the compression of the ulnar nerve, responsible for controlling muscle movements in the forearm and ring and little fingers, can be caused by prolonged or repetitive elbow flexion, extension, pronation, or supination, gripping, lifting, traumatic injuries, and specific diseases [17,18]. While CuTS presents a risk four times greater for developing advanced disease compared to CTS [3], its symptoms are quite similar, encompassing numbness, paresthesia, hand atrophy, pain in the affected hand and forearm, and reduced grip strength due to weakness in the muscles of the flexor carpi ulnaris (FCU) and the flexor digitorum profundi (FDP) [1,3,17]. Nevertheless, CuTS mainly affects the medial hand and ring and pinky fingers. Patients with clinical conditions such as diabetes or advanced age complain of motor symptoms (loss of grip strength, weakness, difficulty with fine motor tasks) more often than sensory symptoms (numbness, tingling, paresthesia) usually reported by younger patients.



Furthermore, Radial Tunnel Syndrome (RTS) is a relatively uncommon neuropathic condition that occurs due to the compression of the posterior interosseous nerve, the terminal motor branch of the radial nerve, as it traverses the radial tunnel, a region within the proximal forearm [3]. The prevalence of RTS is relatively low compared to Carpal Tunnel Syndrome or Cubital Tunnel Syndrome and it is estimated to impact a small percentage of the population, affecting 0.0035% of the population per year [19,20]. This rarity can often lead to misdiagnosis or delayed recognition, making accurate diagnosis and appropriate management crucial. The underlying causes of Radial Tunnel Syndrome are multifactorial and can include a combination of anatomical factors, repetitive overuse, and most commonly trauma, such as humerus fractures [21]. The compression of the radial nerve can result from factors such as muscle hypertrophy or inflammation, as well as external pressure or repetitive motions that place stress on the nerve. Symptoms of RTS typically manifest as pain and discomfort in the forearm, particularly in the area around the radial tunnel [22]. Individuals with RTS may experience aching, burning, or sharp pain, often exacerbated by activities that involve gripping, twisting, or extending the wrist and hand. Weakness in the affected arm and wrist, namely in the extensor carpi radialis longus and extensor carpi brevis, and in the metacarpophalangeal joints of the thumb and fingers and the interphalangeal joint of the thumb, may result, respectively, in disrupted extension of the fingers and radial deviation of the wrist during extension, impacting a person’s ability to perform everyday tasks and activities [19].



Orthopaedic conditions of the hand encompass a diverse range of musculoskeletal disorders that affect its anatomy and functionality. Among the multitude of hand-related pathologies, conditions such as rhizarthrosis, tenosynovitis of Quervain, tendonitis of the flexors of the fingers, and osteoarthritis hold significant clinical relevance [2]. These conditions share a common characteristic of causing discomfort, pain, and functional impairment within the hand and wrist, often necessitating medical attention and intervention.



Hand osteoarthritis is typically attributed to age-related joint wear and tear, although it can also be influenced by genetics. Joints in the hand, such as those in the fingers and the base of the thumb, are affected. Rhizarthrosis is primarily caused by wear and tear on the carpometacarpal (CMC) joint at the base of the thumb. Over time, the joint’s cartilage can deteriorate due to aging, repetitive use, or injury [23]. Common symptoms include pain, stiffness, and reduced range of motion at the base of the affected hand joints [24]. Swelling and the development of bony nodules (Heberden’s and Bouchard’s nodes) may also occur.



Tenosynovitis of Quervain arises from irritation or inflammation of the tendons (abductor pollicis longus and extensor pollicis brevis) on the thumb side of the wrist. Repetitive thumb motions or injury can trigger inflammation in the tendon sheath [2]. Symptoms include pain and tenderness at the base of the thumb, especially when grasping or making a fist [25]. Swelling and difficulty moving the thumb are also common.



Furthermore, flexor tendinopathy involves inflammation or irritation of the tendons in the fingers, often due to overuse, strain, or repetitive motions [26]. It can be associated with conditions such as carpal tunnel syndrome. Affected individuals may experience pain, swelling, and stiffness in the fingers, particularly when bending or gripping objects [27]. Decreased hand strength and difficulty with fine motor tasks can also occur.



Traditionally, clinicians have relied on a combination of clinical examination, electromyography (EMG), and imaging techniques such as X-rays and magnetic resonance imaging (MRI) to assess these conditions [1,3,13,18,28]. While these methods have been instrumental in diagnosis, they are often limited in providing a comprehensive view of the underlying physiological changes [29].



On the other hand, IRT offers a unique perspective by capturing the thermal patterns and temperature distribution in the affected area [30]. This non-invasive technology is based on the principle that different tissues and structures in the human body emit varying levels of infrared radiation based on their metabolic activity and blood flow [4]. Consequently, it can detect subtle changes in temperature distribution that may not be discernible through conventional means. However, the specific contextual relevance of IRT in medical applications, especially concerning hand pathologies, is not sufficiently explored in the existing literature. Furthermore, the potential for early detection of abnormalities, which can be instrumental in preventive healthcare, remains an understudied facet of IRT within the medical domain. Hence, understanding the distinct thermal patterns associated with different medical conditions, particularly those affecting the hands, is crucial for harnessing the full potential of IRT in clinical settings.



Numerous studies have sought to explore the clinical utility of infrared thermal imaging in the context of Carpal Tunnel Syndrome, but other hand neuropathies and musculoskeletal disorders are poorly explored. Park et al. [4] studied the dynamic relationship between CTS duration, severity, and the diagnostic potential of IRT. The findings revealed a diminishing trend in temperature differences between areas innervated by the median and ulnar nerves as the disease progressed. Additionally, it was observed an increase in thermal anisometry correlated with prolonged duration and severity of CTS. However, a notable limitation of the study is the exclusive focus on the physiological changes in unmyelinated autonomic nerves, without drawing comparisons between temperature patterns in the injury and control groups. This suggests that while the study provides valuable insights into the physiological aspects of CTS, it lacks a direct comparison with control groups, potentially limiting the comprehensive understanding of temperature dynamics in the context of CTS pathology. Bargiel et al. [29] studied the usefulness of the infrared thermography in the diagnosis of Carpal Tunnel Syndrome. They found a notable contrast in the thermographic patterns between the hands of participants with pathology and those of the control group. Even when a cold stimulus was applied to the affected hands, the control group exhibited a faster return to normal temperature, despite the fact that individuals who had undergone surgery were symptom-free. However, the thermographic readings during the postoperative period did not align with the symptomatic relief reported after surgery. Moreover, among individuals with unilateral CTS, there were no discernible variations in thermal images between the affected and healthy hands. While this study established the utility of IRT in diagnosing CTS, its ultimate conclusion was that IRT falls short in offering an objective assessment of patient complaints in the postoperative period.



This article intends to investigate the potential of IRT as a non-invasive complementary diagnostic tool for hand neuropathies and musculoskeletal disorders. This way, it explores case studies and clinical scenarios to determine IRT role and application in medical diagnostics, and the specific advantages it brings to the diagnosis and management of conditions affecting the upper limbs.




2. Materials and Methods


2.1. Subject Inclusion


The process of participant selection for this study is depicted in Figure 2. All clinical data utilised in this investigation were collected exclusively from a single hospital between January and July 2023. The original sample comprised 92 hands, with 52 hands subsequently excluded, resulting in a final sample size of 40 hands.



The injury group comprised 25 hands with hand neuropathies and/or muskuloskeletal disorders, of which 16 are right hands and 9 are left hands. Among the cases, five hands exhibited a combination of Carpal Tunnel Syndrome and Cubital Tunnel Syndrome, five were diagnosed with CTS alone, three had CuTS as the primary condition, and two presented hemiparesis. Relatively to orthopaedic conditions, there were four cases of rhizarthrosis, one of which was concurrent with Carpal Tunnel Syndrome and one with Dupuytren’s contracture. Additionally, there was one case of tenosynovitis of Quervain and flexor tendinopathy, one case of tenosynovitis of Quervain combined with Cubital Tunnel Syndrome, one case of tenosynovitis of Quervain combined with CTS, one case of partial rupture of the phalangeal insertion of the cubital collateral ligament, one case of distal radius fracture, and two cases of osteoarthritis. Patients with systemic diseases, such as tumors, thyroid disorders, fibromyalgia, and uncontrolled diabetes mellitus, and hand amputations were excluded from this study.



It is important to note that certain individuals were intentionally excluded from this study to maintain the specificity of the cohort. Patients with systemic diseases such as tumors, thyroid disorders, fibromyalgia, and uncontrolled diabetes mellitus were excluded. Additionally, individuals with hand amputations were excluded, as the absence of hands prevented the assessment of hand neuropathies and/or musculoskeletal disorders. This rigorous selection process aimed to enhance the internal validity of the study by minimising confounding factors, which may mask a real association or otherwise falsely demonstrate an association between the injury occurrence and the increase of temperature, and allowing a more accurate investigation of the specific conditions.



The control group consisted of 15 healthy hands. As would be expected, participants with the following characteristics were excluded from this group: central nervous system injury, peripheral nerve lesions, arthritis in the hand or wrist, systemic diseases, and hand amputation.




2.2. Material


The thermal images were acquired with the FLIR E54 thermal imaging camera, in two distinct regions, the dorsal and palmar surfaces of the hand. The infrared camera features advanced multi-spectral dynamic imaging (MSX®) technology, seamlessly integrating visual camera details onto thermal images through an innovative overlay process. The FLIR E54 camera has an IR focal plane array (FPA) of 320 × 240 pixels, a visible image sensor size of 640 × 480 pixels, a Noise Equivalent Temperature Difference (NETD) < 40 mK (at 30 °C), spatial resolution of 1.31 mrad/pixel, and an accuracy of ±2 °C. The temperature range was set to −20 to 120 °C. The camera parameters were configured with an emissivity of 0.98 [31], relative humidity, ambient temperature, and reflected temperature, measured by the reflector method, according to Annex A for measuring reflected apparent temperature of the International Standard 18434-1 [32].




2.3. Methods


This study was approved by the Institutional Review Board of the Centro Hospitalar de Entre o Douro e Vouga. All participants were provided with information about the research study, including details about data confidentiality and the significance of the research, and they willingly signed a consent form to participate. The study’s findings are supported by a dataset accessible through the supplementary online resources.



The thermographic assessment complied with the recommended guidelines and standards for thermographic measurements in clinical environments [33,34,35]. The tests were performed in a medical room protected from direct sunlight and draughts and of adequate size of 8 m2, maintained with a constant ambient temperature of 21 °C and a relative humidity below 60%, both assessed by a portable Testo 175H1 thermohygrometer. Before the examination and after the skin cleansing procedures, the patient was submitted to a 15-min acclimatisation period with the upper limbs at rest. Participants were advised not to have substantial meals, smoke, consume carbonated beverages, or hot coffee or tea within two hours prior to the thermal assessment [35]. They were also instructed to inform the research of any medication taken. Furthermore, the individuals were positioned at a considerable distance from nearby walls and objects, particularly metallic materials and electrical wires, to minimise potential thermal reflections.



Throughout the process, the infrared camera was securely fixed on a stable support and set up at a right angle to the hands, at a distance of 0.7 m. The thermal images were captured while the volunteers were seated in a chair, with their hands resting on a table covered with a black sheet in two distinct projections, according to Figure 3, obtaining a minimum of five sequential images for each projection. First, an evaluation was performed on the dorsal surface, followed by a subsequent assessment of the palmar side after allowing it to cool down.



The infrared images obtained were normalised to a uniform temperature scale and 16 regions of interest (ROIs) were positioned over the finger joints (TM, TP, FM, FP, FD, MM, MP, MD, RM, RP, RD, LM, LP, and LD), the radial dorsal branch (RB), the median (MB) and ulnar (UB) palmar branches, and the region of the forearm below the wrist (A), as illustrated in Figure 4. The mean, maximum, and minimum surface temperatures of all data points in each region of interest were computed using FLIR ResearchIR Max 4.40 software (Teledyne FLIR LLC., Wilsonville, OR, USA). An independent samples t-test was conducted for each ROI to compare the mean temperature values between the injury group of hands with pathologies and the control group of healthy hands. All statistical analyses were performed using SPSS 29.0 (IBM, Armonk, NY, USA).





3. Results and Discussion


All thermal images of the hands, acquired for both the injury group and the control group, from dorsal and palmar perspectives, underwent processing to standardise the temperature scale and segmentation to eliminate the background. The selection of ROIs was based on the sensory territories controlled by the nerves on each surface of the hand, specifically the median, ulnar, and radial branches. The regions most commonly affected in orthopaedic lesions, which include the finger joints (metacarpophalangeal joint, proximal interphalangeal joint, and distal interphalangeal joint), as well as the region constituted by the radius (named as arm ROI), which is the larger bone situated on the thumb side of the arm, were also considered. After extracting the mean temperature values from all the hands of the injury and control groups, for each ROI, the data were subsequently separated into two variables, each represented in a column, one for the control and the other for injured, to be further used in the SPSS analysis. To evaluate the data distribution, the descriptive statistics by group was obtained by running the Compare Means test. This allowed to create a comparative box plot illustrating the mean temperature values in degrees Celsius (°C), for each hand perspective.



The graph relative to the dorsal view is presented in Figure 5. The control group exhibits a distribution with a negative skew, indicating that the majority of data points are concentrated in the lower region of the distribution, corresponding to lower temperatures, as would be expected in healthy people. The injured group presents a normal distribution, with the data evenly distributed around the mean. None of the distributions display outliers. Considering the compact size of the boxes, it suggests that there is a high level of agreement between all the participants in both the control and the injured groups. The first group displays a maximum mean temperature of 34 °C, while the second group registers a notably higher temperature of 35.8 °C, reflecting a difference of 1.8 °C between the two. The control group demonstrates a significantly lower minimum mean temperature (27 °C) in comparison to the injured group (29 °C), signifying a substantial difference of 2 °C. The mean temperature in °C for the control group is 31.39, with a corresponding standard deviation of 1.65, which indicates a degree of consistency in the recorded temperatures. In the injured group, these values are 32.41 °C and 1.35 °C, respectively, which implies that the temperatures tend to be clustered around the mean temperature. This highlights a thermal difference of 1.02 °C, indicating the mean temperature of the control group is significantly higher than that of the injured group. Therefore, the maximum and mean values within the dataset are higher in the injured group, whereas the minimum is lower in the control. This conclusion is validated by the level of significance between the two groups ** p < 0.01, which indicates that the mean dorsum temperature were significantly different between the two groups.



The box plot correspondent to the palmar perspective is depicted in Figure 6. Similarly to the previous plots, the control group shows a negatively skewed distribution, although more accentuated, with few data points on the upper side and more concentrated in the area of lower temperatures. The injured group shows a normal distribution, with even lower data dispersion than in the posterior part of the hand considering the smaller size of the box, although it presents four outliers below the lower quartile. The maximum mean temperature in the injured group, which reaches 36 °C, is greater than the 34.8 °C exhibited for the control group. However, the thermal difference between the two groups (1.2 °C) is less pronounced when compared to the back of the hand value of 1.8 °C, because both groups display higher maximum values. Regarding the minimum mean value, a value of 27.6 °C is observed in the group of healthy hands and 29 °C in the group of affected hands, showing a thermal difference of 1.4 °C, which is also smaller compared to the dorsal perspective. The mean temperature reveals a greater thermal difference of 1.21 °C between the two groups, with the first group exhibiting an average temperature of 33.34 °C and the second group of 32.13 °C. The standard deviation was, respectively, 1.62 °C and 1.46 °C, indicating low variability of values and suggesting that the temperature values in both datasets are relatively close to the mean. The observed level of significance, denoted as ** p < 0.01, signifies statistically significant differences in mean palm temperatures between the two groups. This box plot allows to take the same conclusions as in the previous, that the mean and maximum temperature values are significantly higher in the injury group and the minimum is notably lower in the control group.



After comparing means between the mean temperatures of the two groups (healthy and injured hands) to get a sense of the distribution and variation of the data, an independent samples T-test was implemented, for each ROI, in the back and palm of the hand, in order to determine if there is a statistically significant difference between the two independent groups. The null hypothesis (H0) states that there is no significant difference in the mean temperature between the two groups. In contrast, the alternative hypothesis (H1) suggests that there is a significant increase in mean temperature within the injury group, in comparison to the control group, which makes this a one-tailed test. In order to determine if the test result is significant, the significance level was set to  α  = 0.05. The sample size consists of 15 control hands and 25 injured hands.



The Levene’s Test for Equality of Variances was conducted to evaluate if the variances of the two groups are significantly different. The results of the test are expressed in Table 1 and Table 2, respectively, for the back and palm of the hand. Given that all the p-values resulting from Levene’s test (Sig.) for both dorsum and palm are greater than 0.05 (p > 0.05), the null hypothesis (H0) is accepted, which assumes that the variances of the control and injured groups are approximately equal. This indicates that there is no statistically significant difference in variance between these groups.



The outcomes of the independent samples t-test, used to compare the means of the control and injured groups, with respect to the back of the hand, are displayed in Table 1. The mean thermal difference corresponds to the difference between the mean temperatures of the injured and the control groups. The calculated mean thermal differences across all the considered ROIs consistently indicate higher mean temperatures within the injured group. Since the p-values for all considered ROIs are lower than the defined significance level  α  = 0.05, the null hypothesis can be rejected and the alternative hypothesis can be accepted. Therefore, it can be concluded that the mean temperature within the injury group is significantly higher than the control’s group mean temperature. This increment of temperature can result from inflammatory processes and increased blood flow caused by hand neuropathies and orthopaedic conditions. In addition, factors such as infection can also cause a temperature increase.



Table 2 summarises the results of the independent samples t-test, employed to compare the mean thermal difference (in °C) between the injured and the control groups for various regions of the hand palm. Similar to the dorsal dataset, all the analysed ROIs exhibit positive mean thermal differences, which indicate that the mean temperatures within the injured group are higher than those in the control group. Given that the p-values for all the examined ROIs are below the pre-defined significance level of  α  = 0.05, the null hypothesis is dismissed and the alternative hypothesis is embraced. Hence, it can be highlighted that the mean temperature in the injury group is substantially greater than the mean temperature in the control group.



The increment of temperature in the injury group is evident through the distinctions in thermal patterns between the control hand (left) and the hand with pathology (right), as can be seen in the example of Figure 7. This illustration reflects a trend, showcasing comparatively cooler patterns in the control hand as opposed to the globally warmer thermal patterns observed in the hand with pathology. Hence, the temperature increase can result from inflammatory processes and increased blood flow associated with hand neuropathies and orthopaedic conditions. Additionally, factors such as infection can also contribute to an increase in temperature. In the context of medical diagnosis, monitoring temperature variations is crucial for identifying and understanding underlying health conditions. It serves as a valuable indicator in assessing the severity of inflammation and understanding the impact of neuropathies and orthopaedic disorders. A comprehensive understanding of these temperature increments aids healthcare professionals in formulating targeted treatment plans and providing more effective patient care.



In order to investigate the potential of infrared thermography as a complementary and validating tool for diagnosing hand neuropathies and musculoskeletal disorders, the results were segmented by pathology to establish associations between thermal differences in specific hand regions. Due to the volume of information, which was extensive for inclusion in a single chart, the data were categorised into three subgroups: CTS, Dupuytren’s contracture, and Osteoarthritis; CuTS, Tenosynovitis of Quervain, and Distal radius fracture; and Hemiparesis, Rhizarthrosis, and Rupture of ulnar collateral ligament. Thus, three radar graphs illustrating thermal asymmetry between pathological hands and their healthy contralaterals were produced for each considered ROI, as illustrated in Figure 8. Participants with bilateral pathology were appropriately excluded from the dataset, since it would not be possible to compare the injured hand with the contralateral one.



According to Figure 8, the ROIs exhibiting significant temperature asymmetry for patients with CTS include the median branch, forefinger proximal, middle distal, and thumb proximal with a thermal difference of up to 2.5 °C. Furthermore, the remaining ROIs also exhibited a positive thermal difference, between 0.2 °C and 1.3 °C, indicating warmer thermal patterns in the pathological hands. These outcomes consistently correspond to the expected areas affected by CTS, particularly in the sensory regions associated with the median nerve: median branch, thumb, forefinger, and middle finger. By contrast, patients presenting Dupuytren’s contracture in the fourth finger revealed negative thermal differences in the ring proximal and distal, while the other ROIs’ temperature asymmetry varied between 0 °C and 0.5 °C. Since this pathology is defined by a progressive stiffening of fibrous tissue bands within the palms, resulting in finger contraction, it would be expected that a reduction in blood flow could occur, which may consequently lead to a decrease in temperature in the affected fingers. Although there is less dispersion among the values, the results corresponding to osteoarthritis exhibit more pronounced thermal differences in the middle distal, little proximal, and thumb proximal areas. The observed findings align with expectations as hand osteoarthritis is characterised by inflammation in finger joints, notably at the base of the thumb and in proximal and distal joints.



In patients with CuTS, the most significant temperature asymmetries occurred in the ulnar branch, little metacarpophalangeal, and little distal. This pathology typically affects the areas controlled by the ulnar nerve, that is, the ulnar palmar branch, the little finger, and partially the ring finger. While the results generally align with expectations, there are some inconsistencies, such as the reduction in thermal difference at the proximal joint of the little finger compared to its metacarpophalangeal and distal joints. The temperature asymmetries observed in participants exhibiting Tenosynovitis of Quervain were more pronounced in the thumb metacarpophalangeal and proximal regions and the ulnar branch. This observation aligns with the pathology’s characteristic impact on the thumb’s short extensor and long abductor tendons. However, it is crucial to note that the differences between the ROIs are not substantial enough for diagnostic purposes. Instead, they serve to validate the diagnosis and confirm the patients’ reported complaints. In the case of distal radius fracture, while the thermal differences exhibited significant values (exceeding 0.3 °C), they appear relatively consistent across all ROIs. This uniformity hinders establishing a clear association between the pathology and specific affected areas.



Patients with hemiparesis presented warmer thermal patterns in the three joints of the ring, little, and middle fingers, as well as the median and ulnar branches, and forefinger metacarpophalangeal, with differences ranging from 1 °C to 2.2 °C. Given the nature of this pathology, which involves paralysis on one side of the body, the thermal asymmetries should be consistent across all ROIs. However, the results include exceptions in the thumb metacarpophalangeal and arm regions, where thermal differences fell below 0.3 °C. Regarding rhizarthrosis, the most notable thermal difference was encountered in the thumb metacarpophalangeal (2.4 °C) and proximal (3.1 °C) joints, aligning with expectations given that this condition is characterised by wear and degeneration of the thumb joints. Finally, the temperature asymmetries in cases involving the rupture of the ulnar collateral ligament were most prominent in the thumb metacarpophalangeal joint, along with the three joints of the ring and little fingers, registering a maximum difference of 3.2 °C. The tearing of the ulnar ligament is characterised by radial deviation in the thumb, impacting its metacarpophalangeal joint. Additionally, it may cause tingling in the ring and little fingers. Despite the overall alignment of results with expectations, it is noteworthy that the thermal difference in the thumb metacarpophalangeal joint should theoretically be greater than that in the ring and little joints, given that the rupture occurs precisely in the thumb joint.



The results strengthen the infrared thermography’s validity in highlighting temperature variations corresponding to the expected anatomical impact of specific pathologies, such as CTS, Dupuytren’s contracture, osteoarthritis, and rhizarthrosis.



Although infrared thermography holds promise as a non-invasive method to enhance clinical diagnostics, this study encountered certain limitations. The cross-sectional design of the research prevented the collection of follow-up data on disease progression. A longitudinal analysis, tracking the infrared thermal imaging results of the same patient over time, could further support our findings. Additionally, our careful inclusion criteria excluded over half of the initially considered hands from the dataset. Therefore, these findings might not be applicable to individuals with any complicating factors that could influence infrared thermography. Furthermore, the inherent susceptibility of measured temperatures to environmental conditions, equipment variations, and individual factors such as the menstrual cycle or daily temperature fluctuations requires caution in drawing conclusions solely based on thermal differences.




4. Conclusions


This study evaluated the potential of infrared thermography to provide valuable insights into the diagnosis and differentiation of hand neuropathies and musculoskeletal disorders. In this context, a series of thermal images were obtained from a group of participants with healthy hands (control) and from patients with hands affected by neuropathies and/or musculoskeletal disorders (injured). A statistical analysis was conducted to determine if the mean temperatures in the injury group were greater than in the control group.



The results revealed significant differences in mean temperature between the control and injury groups across all the analysed regions of interest, both on the dorsal and palmar aspects of the hand. In particular, the injury group consistently exhibited higher mean temperatures, implying distinct thermal patterns associated with hand pathologies.



Furthermore, Levene’s test confirmed the equality of variances between the control and injury groups, endorsing the validity of the statistical comparisons. The use of independent samples t-tests across multiple regions of interest highlighted consistent trends of increased mean temperatures in the injury group, further substantiating the potential of infrared thermography for differential diagnosis.



These findings underscore the utility of infrared thermography as a non-invasive and objective tool for assessing hand pathologies, offering a complementary approach to traditional diagnostic methods. The ability to detect thermal differences indicative of underlying conditions opens promising avenues for early detection, monitoring, and management of hand neuropathies and musculoskeletal disorders.



Overall, the integration of infrared thermography in clinical practice could significantly enhance diagnostic precision and improve patient care, facilitating timely interventions and personalised treatment strategies. Future research in this area may expand the scope of applications and refine diagnostic protocols, ultimately contributing to more effective healthcare practices for individuals with hand-related conditions.







Author Contributions


Conceptualisation, J.C. and C.A.B.; methodology, J.C. and C.A.B.; validation, A.V. and J.M.; formal analysis, J.C.; investigation, J.C.; resources, C.A.B.; data curation, J.C. and C.A.B.; writing—original draft preparation, J.C.; writing—review and editing, C.A.B., A.V. and J.M.; supervision, A.V. and J.M.; funding acquisition, J.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Project LAETA UIDB/50022/2020 and UIDP/50022/2020, as well as the Foundation for Science and Technology (FCT) through the PhD research grant SFRH/BD/04699/2023.




Institutional Review Board Statement


This study was conducted in accordance with the Declaration of Helsinki, and was approved by the local ethics committee of the Centro Hospitalar de Entre o Douro e Vouga and Centro Hospitalar Universitário de Santo António, on 16 July 2020, with the reference 2020.052(042-DEFI/044-CE).




Informed Consent Statement


Written informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy and ethical restrictions.




Acknowledgments


The first author thanks Foundation for Science and Technology (FCT) for a PhD research grant (SFRH/BD/04699/2023). We would also like to acknowledge the support from the Centro Hospitalar de Entre Douro e Vouga and all the participants for their availability to participate in this study.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




Abbreviations


The following abbreviations are used in this manuscript:



	CTS
	Carpal Tunnel Syndrome



	CuTS
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Figure 1. Distinct sensory areas supplied by the hand’s nerves. 
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Figure 2. Participant selection process flowchart. 
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Figure 3. Setup of thermal data acquisition in two hand regions: dorsal and palmar. 
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Figure 4. Thermal image with the regions of interest of the dorsal area (a) and palmar area (b). A—Arm; TM—Thumb metacarpophalangeal; TP—Thumb proximal; FM—Forefinger metacarpophalangeal; FP—Forefinger proximal; FD—Forefinger distal; MM—Middle metacarpophalangeal; MP—Middle proximal; MD—Middle distal; RM—Ring metacarpophalangeal; RP—Ring proximal; RD—Ring distal; LM—Little metacarpophalangeal; LP—Little proximal; LD—Little distal; RB—Radial branch; MB—Median branch; UB—Ulnar branch. 
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Figure 5. Box plot comparing the mean dorsum hand temperature between the control group and the injured group. ** p < 0.01. 
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Figure 6. Box plot illustrating the comparison of mean palm temperature between the control group and the group with injuries. ** p < 0.01. 
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Figure 7. Thermal patterns associated with healthy control (left hand) and with pathology (right hand) in dorsal (a) and palmar views (b) of the same subject. 
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Figure 8. Thermal differences between hands with pathology and control healthy hands segmented based on pathology: CTS, Dupuytren’s contracture, Osteoarthritis (a); CuTS, Tenosynovitis of Quervain, Distal radius fracture (b); Hemiparesis, Rhizarthrosis, and Rupture of ulnar collateral ligament (c). 
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Table 1. Results of Levene’s test for equality of variances and independent samples t-test for equality of means between the injured group and the control group for hand dorsum.
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Levene’s Test for Equality of Variances

	
t-Test for Equality of Means




	

	
F

	
Sig.

	
 Δ T (°C)

	
Std. Error Difference

	
One-Sided p Value






	
Arm

	
0.157

	
0.694

	
0.8867

	
0.3202

	
0.004




	
Radial branch

	
1.698

	
0.200

	
0.7787

	
0.3660

	
0.020




	
Forefinger metacarpophalangeal

	
1.829

	
0.184

	
1.1573

	
0.4673

	
0.009




	
Forefinger proximal

	
0.049

	
0.826

	
1.0892

	
0.5152

	
0.021




	
Forefinger distal

	
0.007

	
0.934

	
1.0650

	
0.5196

	
0.024




	
Little metacarpophalangeal

	
1.331

	
0.256

	
1.2027

	
0.4729

	
0.008




	
Little proximal

	
0.134

	
0.717

	
1.2613

	
0.5318

	
0.011




	
Little distal

	
0.051

	
0.823

	
1.1667

	
0.5713

	
0.024




	
Middle metacarpophalangeal

	
3.949

	
0.054

	
1.1387

	
0.4619

	
0.009




	
Middle proximal

	
0.556

	
0.460

	
1.1800

	
0.5092

	
0.013




	
Middle distal

	
0.210

	
0.649

	
1.1453

	
0.5324

	
0.019




	
Ring metacarpophalangeal

	
1.771

	
0.191

	
1.3333

	
0.4784

	
0.004




	
Ring medial

	
0.546

	
0.464

	
1.1747

	
0.5456

	
0.019




	
Ring distal

	
0.162

	
0.689

	
1.0867

	
0.6051

	
0.040




	
Thumb metacarpophalangeal

	
0.156

	
0.695

	
0.7987

	
0.3794

	
0.021




	
Thumb proximal

	
0.004

	
0.948

	
0.8000

	
0.4451

	
0.040








F—test statistic of Levene’s test. Sig.—p-value corresponding to this test statistic.  Δ T—thermal difference between the mean temperatures of the injured and the control groups. Std. Error Difference—Standard Error Difference.













 





Table 2. Results of Levene’s test for equality of variances and independent samples t-test for equality of means between the injured group and the control group for hand palm.
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Levene’s Test for Equality of Variances

	
t-Test for Equality of Means




	

	
F

	
Sig.

	
 Δ T (°C)

	
Std. Error Difference

	
One-Sided p Value






	
Arm

	
1.471

	
0.233

	
0.7107

	
0.2783

	
0.007




	
Median branch

	
0.808

	
0.374

	
0.9320

	
0.3539

	
0.006




	
Ulnar branch

	
0.833

	
0.367

	
0.9973

	
0.3772

	
0.006




	
Forefinger metacarpophalangeal

	
0.343

	
0.562

	
1.1240

	
0.4506

	
0.009




	
Forefinger proximal

	
0.239

	
0.628

	
1.1875

	
0.4881

	
0.010




	
Forefinger distal

	
0.692

	
0.411

	
1.1517

	
0.5289

	
0.018




	
Little metacarpophalangeal

	
1.731

	
0.196

	
1.4213

	
0.4610

	
0.002




	
Little proximal

	
4.210

	
0.057

	
3.4867

	
1.5610

	
0.016




	
Little distal

	
2.524

	
0.120

	
1.5587

	
0.6634

	
0.012




	
Middle metacarpophalangeal

	
1.299

	
0.261

	
1.2093

	
0.3806

	
0.001




	
Middle proximal

	
1.623

	
0.211

	
1.4408

	
0.4846

	
0.003




	
Middle distal

	
0.728

	
0.399

	
1.3360

	
0.5783

	
0.013




	
Ring metacarpophalangeal

	
2.461

	
0.125

	
1.2293

	
0.4413

	
0.004




	
Ring proximal

	
2.104

	
0.155

	
1.5233

	
0.5131

	
0.003




	
Ring distal

	
1.637

	
0.208

	
1.4987

	
0.6223

	
0.010




	
Thumb metacarpophalangeal

	
0.076

	
0.784

	
0.8107

	
0.3456

	
0.012




	
Thumb proximal

	
0.213

	
0.647

	
1.0600

	
0.4337

	
0.010








F—test statistic of Levene’s test. Sig.—p-value corresponding to this test statistic.  Δ T—thermal difference between the mean temperatures of the injured and the control groups. Std. Error Difference—Standard Error Difference.
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