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Editorial on the Research Topic
 Non-invasive diagnostic tools in the management of skin disorders




Dermatology is a branch of medicine mainly based on the visual inspection of tangible body, although several non-invasive tools can facilitate the diagnostic process (1).

Among these, dermoscopy currently represents the most common and important instrument that every Dermatologist uses in the clinical daily practice not only for diagnosis of pigmented lesions, but also of inflammatory and infectious skin diseases (2).

This Research Topic collects three papers concerning possible diagnostic applications of dermoscopy. A couple of papers have showed the dermoscopy efficacy in two infectious skin diseases. In detail, Nie et al. have reported their experience with such technique in the diagnosis of scabies in children, highlighting the need to search for the parasite in areas where skin is thinner and, thus, more susceptible to host the Sarcoptes. Accordingly, they suggested to carefully evaluate by dermoscopy both the finger seams and external genitalia; moreover, they have also showed typical dermoscopic patterns (i.e., the jet with contrail, the curvilinear scaly burrow) of scabies infestation, whose report in the literature are quite scarce. Moreover, some other not typical dermoscopic images have also been depicted in the iconographic part of the article. Given the fact that dermoscopy is a non-invasive methodology, this has a great importance when evaluating patients in pediatric age.

The systematic review by Lim et al. has investigated the accuracy of dermoscopy in the diagnosis of both onychomycosis and fungal melanonychia. More in detail, they reviewed a total of 24 articles dealing with the considered topic, and reported the most common and useful features associated with the two previously cited fungal infections. Unfortunately, given the lack of a homogenous terminology definitions among the studies included in the meta-analysis, the paper obtained only a limited strength in the results.

Also, the paper published by Lu et al., suggests the possible application of dermoscopy as an additional tool for the diagnosis of Cutaneous Lymphangioma Circumscriptum (CLC), a congenital malformation of superficial lymphatics characterized by a cluster of vesicular lesions, with a variable color depending on the presence of lymphatic fluid or blood components. Based on a retrospective analysis of 37 patients, the authors describe 4 different CLC dermoscopic patterns, two of which were not previously reported in the literature, comparing them with the histopathological features and contributing to the differential diagnosis.

A further important tool in dermatology is represented by those devices employing different wavelengths of the electromagnetic spectrum. Among these, the ultrasound (US) evaluation, and more recently the high-resolution ultrasound (HRUS), have garnered great acclaim, with ever-increasing number of publications (3, 4).

The potential role of HRUS in estimating the neurological damage in patients with Hansen's disease (HD) is addressed in two publications from Voltan, Filho et al. and Voltan, Marques-Júnior et al.. In detail, they compared the cross-sectional area of peripheral nerves evaluated through HRUS in 234 leprosy patients and 66 healthy volunteers, identifying a statistically significant difference and a characteristic asymmetry and focality pattern, useful for the early diagnosis of HD neuropathy. In the other paper, they proposed this technique for the screening of the household contacts of the HD patients, given their significantly higher disease risk than the general population.

Moreover, a new potential application of Near-Infrared Spectroscopy (NIRS), a non-invasive technique that evaluates the hemoglobin relative concentration variations (5), in the monitoring of patients affected by actinic keratoses (AK) has been proposed in the paper published by Veronese et al.. This study enrolled both immunocompetent (n = 42) and immunosuppressed (n = 32) patients, affected by grade I/II AK, treated with a topical product containing a high-protection sunscreen and a DNA repair complex (antioxidant plus DNA repair enzymes). The response to treatment was objectively assessed through the AKASI clinical score (6), together with NIRS assessment. This might represent a novel application of NIRS, thus investigating not only the diagnostic process but also the efficacy of a topical treatment in different categories of subjects.

Similarly, the paper published by Orro et al. presents a pilot study concerning the use of a non-invasive transdermal patch (FibroTx Transdermal Analysis Patch) for the sampling of inflammation-related proteins (IL-1α, IL-1RA CXCL-1/2, and hBD-1) from psoriatic skin. A difference between lesional and non-lesional skin and a decrease in protein levels during phototherapy has been demonstrated. Despite the relatively small number of subjects enrolled in this study, which requires an expansion on a larger sample, there is substantial evidence of the validity of this tool in monitoring the clinical course in psoriasic patients.

Regarding the management of vitiligo, the systematic review by Abdi et al. looks over the different methods able to evaluate the diagnosis, severity, and progression of such disease, thus including many tools, such as photography, biophysical approaches, and the newly developed reflectance confocal microscopy and optical coherence tomography. Despite the authors examined 64 studies, thus allowing an in-deep analysis, they concluded that a single methodic cannot provide conclusive information, also given the complexity of vitiligo symptoms and signs.

Finally, when considering not only the diagnostic but also the prognostic process, in their paper Müller et al. suggested the use of three-dimensional photography as a tool to analyze the distribution patterns of melanoma in-transit metastases (ITM) on the lower extremity, in comparison with conventional photography. This study was conducted on 46 patients, in which the localization of melanoma lesions was systematically correlated to anatomically determined lymphatic drainage pathways, to identify skin areas at higher risk of metastatic dissemination, to be subjected to a more accurate clinical examination during the follow-up. Unfortunately, it was not feasible to map the possible ITM sites in cases of primary melanoma affecting the foot, possibly due to the altered lymphatic drainage pathway attributable to surgery, indeed, finger amputations as well as surgical grafts or flaps are more frequently required.

In conclusion, this Research Topic shows the “state of the art” of some of the non-invasive diagnostic tools that are currently available in dermatology, including newly developed methodologies that guide future research and its translation. Furthermore, following the recent COVID-19 pandemic and the consequent strong need to develop new methodologies to interconnect consultants and patients through digital technologies, and also to employ traditional techniques in an alternative scope, it is clear that the mentioned tools and devices, in the next future, could harvest even more great importance in the dermatologic field.
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Background: Cutaneous lymphangioma circumscriptum is characterized by clusters of deep-seated, vesicle-like papules. Cutaneous lymphangioma circumscriptum (CLC) is not a tumor but rather a congenital malformation of superficial lymphatics.

Objectives: The study aimed to describe the dermoscopic features of CLC and investigate the reason why marked blood components in CLC. Moreover, this study sought to increase awareness of the clinical characteristics of CLC and provide insights into CLC diagnosis.

Methods: A representative sample of patients with CLC with demographic information and pathological and dermoscopical results was analyzed. The immunohistochemistry of lymphangioma specimens with CD31 and D2-40 was performed. The clinical manifestations of CLC, demographic information, and the results of immunohistochemistry were statistically analyzed to validate the correlation.

Results: Besides the pattern of frog spawn-like blisters, lymphangioma also presented as either transparent or pigmented with dark-red to whitish/yellowish shades. Moreover, lymphangioma manifested as a pattern of dermatofibroma. Furthermore, CD31 was detected in the flattened endothelium and only present in dilated spaces containing enough blood or lymph components.

Limitations: This study is limited by its retrospective nature and statistical power.

Conclusion: Dermoscopy is useful for the diagnosis of CLC. CD31 positive staining and cystic-dilated spaces showed flattened inner and outer endothelia are the diagnostic features in hypopyon-like shape and blisters resembling frog spawn patterns in CLC. These features can assist in the diagnosis of CLC.

Keywords: dermoscopy, immunohistochemistry, CD31, dermatoscope, cutaneous lymphangioma circumscriptum


INTRODUCTION

Cutaneous lymphangioma circumscriptum is a benign disorder with asymptomatic lesions, including discrete translucent vesicles (1, 2). Some of the common characteristics of cutaneous lymphangioma circumscriptum (CLC) are the presence of a group of transparent vesicles that are 2–4 mm in size, patterns similar to frog spawn, and diversity in color as a result of hemoglobin degradation (3, 4). These skin lesions are located in any part of the body, and their color varies from clear to dark red depending on the presence of lymphatic fluid and/or blood components (3). CLC manifests striking characteristic features, differentiating it from other lymphatic or vascular diseases such as hemangiomas (5).

Dermoscopy is a non-invasive clinical diagnostic technique wherein the skin is magnified to observe the structure and color from the epidermis to the papillary layer (6, 7). This technique is extensively used in the diagnosis of skin-related tumors and hair-related and inflammatory skin diseases (8–10). However, reports on the application of dermoscopy in CLC diagnosis are scarce. Yellowish lacunae surrounded by a pale septum and pale red to bluish lacunae in CLC can be observed via dermoscopy (11). Some atypical lesions might be diagnosed as CLC by using adjunctive measures, such as dermoscopy and histology (12). In hypopyon-like types of CLC patterns, CLC was found to contain blood components. CD31 is a highly glycosylated Ig-like membrane receptor. It is the most abundant membrane glycoprotein constitutively expressed on the vascular endothelium (13). Therefore, we used immunohistochemistry to detect CD31 expression. This study aimed to examine dermoscopic CLC manifestations retrospectively, create a complement to existing CLC dermoscopic features, and understand why some CLC subtypes are manifested with blood components.



METHODS

After institutional review board approval, we viewed the pathological databases, outpatient records, and dermoscopic systems in Xiangya Hospital, Central South University and Hunan Province Children's Hospital from July 2017 to July 2019. Any patients with detailed demographic information (age, gender, and location), biopsy specimens, and dermoscopic and clinical data were included in this study. As a result, 584 patients with CLC were chosen. Next, patients were carefully excluded if any of their demographic information, specimens, and dermoscopic and clinical data were not available. Finally, only 37 patients were included in this study.

Nevertheless, other patients with CLC who had detailed demographic information (age, gender, and location), biopsy specimens, and clinical data were included in the subsequent immunohistochemical staining study. A total of 62 specimens were immune-stained with CD31 (a blood vessels marker) and D2-40 (a lymphatic vessels marker). All the patients provided informed consent. The use of the slides of these patients was approved by the Medical Ethical Committee of the hospitals and was conducted in accordance with the Declaration of Helsinki guidelines.

The final diagnosis of CLC was made by two professional dermato-pathologists (Professor Mingliang Chen and Dr. Xiaoyan Huang). At the time of the histologic and immunohistochemistry analyses, the dermato-pathologists were blinded to the clinical data. Thereafter, the electronic medical records were reviewed by Professor Juan Su and Dr. Lixia Lu for available clinical data on age, gender, clinical morphology, anatomic distribution, symptoms, and duration of clinical findings. The clinical images and dermoscopic features were assessed by two professional dermatologists (Dr. Lixia Lu and Dr. Siyun Yan). Medicam 800/1,000 (FotoFinder, Bad Birnbach, Germany) was used as the dermatoscopic instrument.

SPSS statistics 23.0 was used for the statistical analysis. A chi-square test was used to compare the differences among various groups. p < 0.05 was considered statistically significant.



RESULTS

The 37 patients who were diagnosed with CLC revealed the four types of dermoscopy features. Type 1 presented with clusters of dark reddish/complexion vesicles. Several lacunae were observed to be clustered like rice (Figure 1Aa, upper left). Dermoscopy revealed multiple reddish, white-yellowish lacunae of different sizes, some of which were filled with blood components with hypopyon-like or crescent shapes. Several lacunae contained variable amounts of blood and blood sediments, resulting in an appearance similar to that of “half-and-half” blisters (Figure 1Aa). H&E staining revealed dilated lymphatic vessels that contain lymph and inflammatory cells (Figure 1Ab).


[image: Figure 1]
FIGURE 1. (A) Clinical manifestations of patients with cutaneous lymphangioma circumscriptum (CLC), a cluster of vesicular dark reddish/complexion on the neck for 3 years; (a) reddish, white-yellowish lacuna of different sizes, some filled with blood as hypopyon-like or crescent shapes (non-polarized, 20×); (b) dilated lymphatic vessels with various sizes, containing lymph, erythrocytes, and inflammatory cells. (H&E stain; original magnification, 200×) (300 dpi × 300 dpi). (B) Clinical manifestations of patients with CLC, lacunae on the back of the left shoulder for 2 years. The patient had a history of CLC and treatment with surgery. (a) Dermatoscopic features of patients with CLC: blister resembling frog spawn or translucent vesicles (non-polarized, 20×). (b) A representative histological analysis of patients with CLC shows the lumen of different sizes and lymphangiectasis. (H&E stain; original magnification, 200×) (300 dpi × 300 dpi). (C) Clinical manifestations of patients with CLC, papules on the scrotum for several years, liquid intermittent efflux. (a) White unstructured areas of varying sizes, independent of each other (non-polarized, 40×). (b) A representative histological analysis of patients with CLC shown in dilated lymphatic vessels and immunohistochemical staining, showing positive D2-40 staining (H&E stain; original magnification, 100×) (300 dpi × 300 dpi). (D) Clinical manifestations of patients with CLC (A), brown patch enlarging gradually on the right arm. (a) White unstructured areas in the center, brown reticular pigmentation in the periphery (non-polarized, 70×). (b) A representative histological analysis of patients with CLC shown in lymphangiectasis, accompanied with fibroplasia (H&E stain; original magnification, 100×) (300 dpi × 300 dpi).


Type 2 presented with complexion papules/masses. The lesions were translucent and manifested as multiple blisters that partially fused into a patch and were partially independent (Figure 1Ba, upper left). Blisters resembling frog spawn or translucent vesicles were observed without blood inclusions; dermoscopic examination showed representative changes in CLC (Figure 1Ba). Histological analysis also verified the dermoscopic diagnosis, whereas H&E staining revealed dilated lymphatic vessels with lymphatic fluids (Figure 1Bb).

Type 3 showed white papules of varying sizes, with intermittent liquid efflux on the scrotum (Figure 1C, upper left). The independently distributed milky/whitish lacunae of different sizes and the punctate and dilated blood vessels around the papules were observed via dermoscopy (Figure 1Ca). Histological analysis revealed the dilated lymphatic vessels that were positive for D2-40 (Figure 1Cb).

The last type presented with a black/brown patch that had a clear boundary and a slightly hard texture on the right upper arm (Figure 1Da, upper left). This patch initially occurred as a black papule and gradually changed to a black and brown patch as it enlarged. Dermoscopic observations showed white-like circular unstructured areas distributed in the center and brown reticulate pigmentations in the periphery (Figure 1Da). Dermatofibroma was considered upon dermoscopic examination. However, dilated lymphatic vessels and fibroplasia were observed by H&E staining (Figure 1Db). Hence, the final diagnosis was CLC.

The detailed clinical manifestations are summarized in Table 1. The type of blister fills with a hypopyon-like/moon shape and red zone (46.0%, 17/37) and blisters resembling frog spawns (29.7%, 11/37) were the most common dermoscopic manifestations, accounting for 75.7% of the cases. The lesions were mainly distributed in the trunk (40.5%, 15/37) and limbs (29.7%, 11/37). Moreover, differential clinical diagnoses included angiokeratoma, hemangioma, verruca vulgaris, venous malformation, melanoma, skin mucinosis, and nevus. The former three diagnoses were the most common differential diagnoses.


Table 1. The clinical manifestations, dermatoscopic findings, and histological features of patients with cutaneous lymphangioma circumscriptum (CLC).
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The reasons that lead to the clinical manifestations of lymphangioma as dermoscopic type 1, hypopyon-like or crescent shape, were investigated. The blood component as a contributor to lymphangioma subtypes was investigated via immunohistochemistry to detect CD31. Combining CD31 expression and clinical manifestations, CD31 was detected in the inner flattened endothelium of the CLC lesions and was only obvious in cystic-dilated spaces, containing sufficient blood components or lymph.

A female patient presented with transparent blister-like beads on a string in the vulva for 3 years (Figure 2Aa), accompanied by pain and transparent secretion sometimes. H&E staining showed extended lymphatic vessels in the papillary and upper dermis and the lymph run-off (Figure 2Ab). The immunohistochemistry for D2-40 revealed two endothelial layers (inner and outer endothelial), separated by a fluid phase, containing abundant erythrocytes and lymph. The inner endothelium is flattened, whereas the outer layer is rounded (Figure 2Ac). The two endothelial layers were absent in the space, containing few or no blood and lymph. CD31 staining showed expression in the inner-flattened endothelium (Figure 2Ad).


[image: Figure 2]
FIGURE 2. (A) (a) Biopsy specimens were taken from transparent blister-like beads on a string from the vulva. (b) H&E staining showed cystic-dilated spaces, containing numerous erythrocytes and leukocytes in the papillary and upper reticular dermis (original magnification, 100×). (c) D2-40 staining showed two layers of the inner (red arrow) and outer (black arrow)-flattened endothelial (original magnification, 200×). (d) Immunohistochemistry showed CD31 expression in the inner-flattened endothelium (original magnification, 400×) (300 dpi × 300 dpi). (B) (a) Biopsy specimens were taken from the complexion papule in the dorsum, and the papule has a little lymph. (b) H&E staining showed evidently extended lymphatic vessels in the papillary and upper dermis (original magnification, 200 ×). (c) High magnification of D2-40 staining showed a single endothelial layer (red arrow), the absence of two endothelial layers of the inner- and outer-flattened endothelium (original magnification, 400×). (d) Immunohistochemical staining for CD31 showed negative expression in the flattened endothelium (original magnification, 400×) (300 dpi × 300 dpi).


Another male patient presented to us with a small and flattened complexion papule in the dorsum for 5 years (Figure 2Ba). A laser was used, but it was recurrent after 3 months of treatment. H&E staining showed evidently extended lymphatic vessels in the papillary and upper dermis (Figure 2Bb). D2-40 staining presented a single endothelial layer, but no two distinctive layers (Figure 2Bc). CD31 staining showed no expression in the flattened endothelium (Figure 2Bd).

Associations among the clinical manifestation and clinic-pathological characteristics of lymphangioma are summarized in Table 2. The median age was 31 years old, and males accounted for the majority of the patients (67.7%, 42/62). Lesions were mainly distributed in the trunk and extremities (85.4%, 53/62). The patients were then divided into two groups according to their clinical manifestations, namely, with and without abundant blood components or lymph. The variables (age, gender, and location) of the patients showed no statistical significance. However, CD31 staining was positive, and the two endothelial layers were obvious in the spaces containing erythrocytes and lymph. This phenomenon was not observed in lymphangioma characterized by the absence of blood and lymph.


Table 2. Associations between the clinical manifestation and clinicopathologic characteristics of lymphangioma cases.
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DISCUSSION

This work systematically reviewed the available evidence of the dermoscopic structures among lymphangiomas and investigated why some lymphangiomas are marked by blood components. We speculated that these characteristics can be used to differentiate CLC from other diseases, including angiokeratomas, venous malformations, melanomas, hemangiomas, verruca plana, and herpes zoster. A lymphangioma is a benign tumor that occurs in the lymphatic system. It is regarded as a congenital malformation of the lymphatic vessel or lymphatic vessel hyperplasia. Clinically and pathologically, a lymphangioma is divided into three categories: simple lymphangioma, cavernous lymphangioma, and cystic lymphangioma associated with lymphatic malformation (14). A lymphangioma is characterized by lesions involving lymphatic and blood vessels. The histopathological features of CLC are presented as highly dilated lymphatic vessels lined with squamous epithelial cells, which are rich with lymphatic liquid and lymphocytes and sometimes mixed with blood (15).

Dermoscopy is a non-invasive, in vivo imaging technique that allows for the visualization of subsurface skin structures. According to the literature, CLC displays two distinct dermoscopical patterns: the yellow-pale septa pattern in the absence of erythrocytes and the yellow to red/pink/bluish lacunae pattern due to the presence of blood (15, 16). Our study also verified that these two patterns had the highest proportion in the patients, accounting for 75.5% of the total cases. Aside from the common dermoscopic patterns, two previously undescribed types of CLC, namely, milky/whitish lacunae and brown reticulate pigmentations, were also observed. The milky/whitish lacunae pattern must be differentiated from skin mucinosis, whereas the brown reticulate pattern should be differentiated from dermatofibroma and pigmented nevus. The deepest skin structure observed by dermoscopy was the papilla layer; so, when the dilated lymphatic vessels are located under the dermal papilla, the dermoscopy cannot observe it well. Our study presents a summary and a supplement to existing dermoscopic manifestations of lymphangioma and provides assistance in the diagnosis of lymphoma and selection of the appropriate treatments. As we all know, the recurrence rate is high in CLC (17). A retrospective study showed that a recurrent rate of 29% was found in 196 lesions of 186 patients during 3 years. Approximately 60% of patients with relapse recurred within 1 year and 80% recurred within 3 years (18). Therefore, follow-up is necessary.

Among the 584 patients with lymphangioma, only 37 patients were examined via dermoscopy, suggesting that the use of dermoscopy needs to be improved. Dermoscopy can distinguish CLC from hemangiomas, melanomas, and other phenotypically similar skin lesions. There are no departments of pathology in primary hospitals and township health centers. Hence, dermoscopy can be a useful tool in the diagnosis of CLC that may, otherwise, be missed in hospitals without pathology departments. However, dermoscopy can only reflect the pathological mapping of superficial skin lesions. Thus, dermoscopy can sometimes easily lead to misdiagnosis. Clinical examination should be combined with various methods, and a biopsy should be performed as necessary to make a correct diagnosis.

The reason CLC contains blood components was explored via immunohistochemistry to detect CD31 expression in CLC. Bhawan et al. reported CD31 expression in endothelial cells in lymphangiomas (19). However, the relationship between CD31 expression and the clinical manifestations of CLC remains uncertain. Our results showed that the two endothelial layers were only obvious in cystic-dilated spaces, containing abundant erythrocytes or lymph. Oiso et al. reported that a lymphangioma with reddish vesicles contains two flattened endothelial layers, but the lumen of yellowish vesicles lacks such manifestations (12). Our results were consistent with that observation. The double layer of endothelial cells in the lumen with hypopyon-like or crescent-shaped CLC was also found in cystic-dilated spaces filled with lymph. Our results may shed light on the pathogenesis of frequent blood leakage inside dilated spaces in CLC.
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Introduction: The high incidence of actinic keratoses among both the elderly population and immunocompromised subjects and the considerable risk of progression from in situ to invasive neoplasms makes it essential to identify new prevention, treatment, and monitoring strategies.

Objective: The aim of this study was to evaluate the efficacy on AKs of a topical product (®Rilastil AK Repair 100 +) containing high-protection sunscreens, a DNA Repair Complex with antioxidant and repairing action against UV-induced DNA damage, and nicotinamide, a water-soluble derivative of vitamin B3 that demonstrated several photoprotective effects both in vitro and in vivo.

Methods: The study enrolled 74 Caucasian patients, which included 42 immunocompetent and 32 immunosuppressed subjects. The efficacy of the treatment has been evaluated through the clinical index AKASI score and the non-invasive Near-Infrared Spectroscopy method.

Results: The AKASI score proved to be a valid tool to verify the efficacy of the product under study, highlighting an average percentage reduction at the end of treatment of 31.37% in immunocompetent patients and 22.76% in organ transplant recipients, in comparison to the initial values, with a statistically significant reduction also in the single time intervals (T0 vs. T1 and T1 vs. T2) in both groups. On the contrary, the Near-Infrared Spectroscopy (a non-invasive technique that evaluates hemoglobin relative concentration variations) did not find significant differences for O2Hb and HHb signals before and after the treatment, probably because the active ingredients of the product under study can repair the photo-induced cell damage, but do not significantly modify the vascularization of the treated areas.

Conclusion: The results deriving from this study demonstrate the efficacy of the product under study, confirming the usefulness of the AKASI score in monitoring treated patients. Near-Infrared Spectroscopy could represent an interesting strategy for AK patients monitoring, even if further large-scale studies will be needed.

KEYWORDS
prevention, immunosuppression, actinic keratoses, AKASI, NIRS


Introduction

In the last decades, the concept of “field cancerization” (FC), a biological process in which large skin surfaces are affected by carcinogenic alterations, and the consequent need for treatment of actinic keratoses (AKs), has become more and more important.

Figueras-Nart et al. has recently defined the skin FC as an area affected by multiple AKs, together with visible sun damage and at least two of the following characteristics: atrophy, telangiectasias, hypo/hyperpigmented skin and “glass paper skin” (1). In this area, histologically, it is possible to recognize sub-clinical lesions with atypical keratinocytes, nuclear pleomorphism, loss of cell polarity, dermal solar elastosis and vascular ectasia (2), together with obvious AKs, that are characterized by the presence of parakeratosis and lymphocytic infiltrate (3).

Patients with FC have a higher risk of developing Squamous Cell Carcinoma (SCC) than individuals with isolated AKs (4). For this reason, it’s important to treat the whole FC since the treatment of the single lesion is associated to the risk of evolution of the visible and sub-clinical AKs of the surrounding area (5).

In literature, the annual risk of evolution in invasive SCC (iSCC) is estimated of 0.075% for a single AK in individuals without a personal history of Non-Melanoma Skin Cancer (NMSC) and 0.53% for individuals with previous lesions (6). Also, NMSCs are the most frequent cancers in immunosuppressed patients, with 27% of patients affected, and steady incidence increase over the years as the immunosuppression time progresses (7, 8).

In this context, not only the treatment but also the prevention of the development and evolution of AKs acquires a fundamental role. The use of photoprotection is recommended as an adjuvant for any type of treatment (9, 10). Daily use of sunscreen with SPF 50 + favors the spontaneous regression of AKs and reduces the incidence of iSCC in both immunocompetent and immunosuppressed patients (8, 10–12).

However, sunscreens protect against UV-induced DNA damage but are not effective once the damage has been established; for this reason, Krutmann et al. (13) report that, especially in high- and very high-risk subjects (Table 1), active ingredients capable of repairing DNA damage (e.g., endonuclease and photolyase) should be employed during the whole year.


TABLE 1    Patients requiring use of sunscreens and DNA repair ingredients.

[image: Table 1]

Several studies have been recently conducted on devices containing sunscreens (SPF 50–100 +) and DNA repair enzymes (10, 14–16); in particular, in 2019 we carried out a study concerning the efficacy of the product ®Rilastil AK Repair 100 + (a photoprotector containing SPF UVB 131 and UVA 53, and a DNA Repair Complex (DRC) with antioxidant and repairing action against UV-induced DNA damage) compared to a simple photoprotector (17).

The product formulation is reported in Table 2 and has been recently modified with the introduction of nicotinamide instead of vitamin E. In this paper, we used the clinical index for AKs AKASI score and a non-invasive Near-Infrared Spectroscopy (NIRS) method to evaluate the efficacy of the new product formulation.


TABLE 2    ®Rilastil AK Repair 100 + composition.
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Materials and methods


Study design

This was a prospective observational study conducted in our Dermatology Unit, in Novara (Italy). Continuous enrollment was carried out between patients visited both in general clinics and in those specifically dedicated to transplant carriers from March to September 2021, with a follow-up extended until February 2022. The study protocol was approved by the Local Ethical Committee (CE80/18) and was conducted in accordance with the Helsinki’s Declaration.

The study population consisted of 74 Caucasian patients: 42 immunocompetent and 32 immunosuppressed, among which 31 organ transplant recipients (OTRs) and 1 under treatment with Teriflunomide. Inclusion criteria were: i) age > 40 years; ii) clinical evidence of AKs (grade I or II) on the face and scalp; iii) personal history of previous NMSC; and, only for OTRs, iv) immunosuppressive treatment for at least 5 years; exclusion criteria were represented by the incapacity to sign the informed consent and to properly apply the products or by the presence of genetic disorders conditioning the development of NMSCs (i.e., Gorlin-Goltz syndrome, Xeroderma Pigmentosums, Epidermodysplasia Verruciformis).

At the baseline visit (T0) we collected the information about patient personal data (gender, age), endogenous and exogenous risk factor (phototype, previous actinic burns, history of NMSC, occupational and/or recreational UV exposure, artificial UV exposure, use of sunscreens), and previous treatment for AKs. The participants were instructed to apply the product under study (®Rilastil AK Repair 100 +) to the photo-damaged areas twice daily (morning and early afternoon) for 6 months. The cream was provided by the manufacturer (Ganassini Corporate, Milano) to patients free of charge; patients were asked to return the finished tubes, to verify the application of the correct amount of the product.

The patients were re-evaluated after 3 (T1) and 6 (T2) months. At each visit, photographic documentation was collected, and the AKASI score was calculated, based on literature suggestions (18, 19). In detail, the head was divided into four regions (scalp, forehead, left/right cheek, ear, chin, and nose). In each region, the percentage of the area affected by AKs was estimated (score 0–6), and the severity of three clinical AK signs (distribution, erythema, and thickness) was assessed (score 0–4 for each parameter). The total score ranges from 0 to 18 (18).

Fifteen patients (8 immunocompetent and 7 immunosuppressed) were also evaluated through NIRS spectroscopy at T0 and T2. In collaboration with PoliToBIOMed Lab (Turin Polytechnic University) we acquired the change in the relative concentration of oxygenated (O2Hb) and deoxygenated (HHb) hemoglobin (Hb), using the commercial device NIRO® 200-NX (Hamamatsu). The signals were acquired at a sampling frequency of 5 Hz. All signals were filtered using a band-pass Chebyshev filter, in order to remove the frequencies outside the range 10–250 mHz. The instrument has two probes: the emitter (LED light source with wavelengths of 735–810 nm) and the detector (a photodiode). The distance between the two probes influences the depth of the analyzed area and the assessed area of the body. For our application, we placed the probes at a distance of 2.5 cm from each other, in order to analyze the superficial area under the skin. For each patient, signals were acquired both on healthy skin (no UV-induced damage) and on the AK site (before and after treatment) (Figure 1).


[image: image]

FIGURE 1
Example of positioning the probes on Aks (A) and on healthy skin (B).


For the evaluation of the vascular response of the tissue, the NIRS signals were acquired according to the following protocol (20, 21):


-acquisition of the baseline signal for 1.5 min.

-application of an ice pack near the probes (vasoconstrictor stimulus) for 1.5 min.

-removal of the ice pack and acquisition of vascular response for 1.5 min.



This acquisition protocol allows us to verify if there is a different vascular response to a vasoconstrictor stimulus (i.e., the ice pack application) between T0 and T2.



Statistical analysis

We performed a descriptive analysis of the whole study population and separately for immunocompetent and immunosuppressed. Absolute and relative frequencies were reported for categorical data while, for numerical one, we used mean and standard deviations (SD) or median and interquartile range, as appropriate. Demographic and clinical data between immunocompetent and immunosuppressed were compared and results of chi-square or Fisher test and t-test were reported. Moreover, the AKASI score at T0 was calculated for different levels of risk factor and t-tests were performed.

Then, we evaluated the differences of AKASI score between time (T1 vs. T0 and T2 vs. T0) separately for immunocompetent and immunosuppressed and statistical significativity was tested using Wilcoxon paired t-tests. We also compared the difference among the two groups of patients. Moreover, we calculated the percentage variation in time between time. Finally, the proportion of subjects who achieved a reduction of at least 50–75–100% in AKASI score at the end of the study was also evaluated.

For the NIRS signal analysis, the dataset consists of 18 signals acquired on the lesion before and after treatment with the cream. Three patients presented more than one lesion on which the NIRS analysis was done, hence increasing the NIRS dataset by 3 when compared to the number of analyzed subjects. The signals were divided into three moments of acquisition (baseline, ice application and after ice removal). The analyzed epochs are the following:


-O2Hb before: variation in oxygenated Hb concentration before ice application;

-O2Hb after: variation after ice pack application;

-HHb before: variation of the deoxygenated Hb concentration before ice application;

-HHb after: variation after ice application (see Figure 2).




[image: image]

FIGURE 2
Example of acquisition of O2Hb and HHb signals in AK before (A) and after (B) treatment. HHb signals are represented in blue and O2Hb signals in red. Event 1: ice application, Event 2: ice removal.


During the ice pack application, the signals were often corrupted by artifacts, such as the motion artifacts, hence only the baseline and after ice removal epochs were analyzed. For all signals acquired on the lesion, pre- and post-treatment and on healthy skin, 18 parameters were estimated, 14 in the time domain and 4 in the frequency domain. The AK lesion parameters before and after-treatment were normalized with the parameters of the healthy skin, maintaining the correspondence of the patient.

A multivariate analysis of variance (MANOVA) was applied to the 18 time and frequency parameters to the verify if there were statistical differences between the vascular response before and after the treatment. The p-value and MANOVA dimension (d) were used to determine whether the two groups showed statistically significant differences and could be considered as belonging to two separate groups (d = 1). The statistical analysis was composed by 4 MANOVA tests (HHb before, HHb after ice application, O2Hb before and O2Hb after ice application), and for this we applied the Bonferroni correction to re-define the significance level α equal to 0.0125 (i.e., 0.05/4).

The clinical data collected were analyzed with SAS 9.4 software and the significance level was set at 0.05.




Results


Clinical characteristics of the study population

The statistical analysis was performed considering separately the immunocompetent and immunocompromised subjects. General analyses at T0 were conducted to verify any statistically significant differences between these two populations.

The clinical characteristics and risk factors of the study population, global and specific of the two subgroups, are reported in Table 3. Particularly, the mean ± SD value of AKASI score found in the total of subjects at T0 was equal to 3.92 ± 2.20; in the immunocompetent population, it was 4.47 ± 2.26, while among the immunosuppressed it was 3.21 ± 1.94.


TABLE 3    A descriptive comparison of risk factors and anamnestic data between the two groups of patients.
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Previous treatment for AKs had been overall carried out by 63 (85.14%) subjects (36 immunocompetent and 27 immunosuppressed). Moreover, 17 subjects (22.97%), reported previous use of a similar product.

From this preliminary analysis, it emerged that immunocompetent patients had a significantly higher average age than immunosuppressed subjects (respectively 77.67 ys and 68.16 ys); moreover, the percentage of subjects with phototype II was significantly higher among the immunocompetent than immunosuppressed (88.10% vs. 28.13%). It should be noted that all subjects included in the study, both in the immunocompetent subgroup and in the transplant subgroup, had phototype II or III.

There was also a statistically significant difference in the two groups regarding the previous use of photoprotectors, which was higher in immunosuppressed patients (50% vs. 21.43%), with a p-value of 0.010.

Therefore, we analyzed all the possible associations between known risk factors for AKs and the AKASI score at T0; in addition, the association between the AKASI score at T0 and the presence or absence of previous treatments for AKs, use of analogs of the medical device under study and other NMSCs was also evaluated.

The difference in the mean AKASI score at T0 between immunosuppressed and immunocompetent patients reaches a p-value of 0.013 (3.21 ± 1.94 and 4.47 ± 2.26, respectively).

The 46 subjects with phototype II have an average AKASI score of 4.37 ± 2.18 at the time of enrollment, while the 28 subjects with phototype III of 3.19 ± 2.08 (p-value 0.024).

Finally, the 54 subjects with a previous NMSC diagnosis have an average AKASI score at T0 of 4.29 ± 2.29, and the 20 subjects without previous NMSC of 2.95 ± 1.63 (p-value 0.019).

Subsequently, the partial AKASI scores were analyzed in the 74 subjects at T0 and an average AKASI score on the scalp was found to be greater than the other three partial areas.

All the results are reported in Table 4.


TABLE 4    Association between risk factors and anamnestic data with the mean AKASI score at T0.
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Response to treatment

Overall, from the 74 patients treated with®Rilastil AK Repair 100 +, 6 patients between T0 and T1 and 4 patients between T1 and T2 were lost to follow-up. So, the analysis of the AKASI score trend resulting from the treatment was carried out on 68 patients (39 immunocompetent and 29 immunosuppressed) between T0 and T1 and 64 patients (37 immunocompetent and 27 immunosuppressed) between T0 and T2.

The AKASI seemed to decrease among time: at T0 the mean score was 3.92 (SD 2.20), at T1 3.16 (SD 2.05) while in the last visit it was 2.73 (SD 1.64). When we analyzed immunocompetent and immunosuppressed separately, we observed that the score had a significant reduction in time (all p-values < 0.001). Moreover, we were not able to see a significant differences of AKASI in time (T1 vs. T0 and T2 vs. T0) between the two groups of patients (p-value 0.444 and 0.006, respectively). In Table 5 we reported also the percentage reduction of AKASI between time (part A) and we observed that among T0-T2 there was an average percentage reduction in AKASI score of 31.37% for immunocompetent and 22.76% among immunosuppressed patients (part B).


TABLE 5    The AKASI reduction in time in both immunocompetent and immunosuppressed patients.
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Then, we calculated the number (and the relative percentages) of subjects who had an improvement in AKASI scores at the end of the study of 50%, 75%, and 100% (Figure 3).


[image: image]

FIGURE 3
Percentages of immunocompetent (blue) and immunosuppressed (green) patients who achieved AKASI 50, 75, and 100.


In the immunocompetent group, the AKASI 100 (complete clearance) was achieved by 2 patients (5.41%), the AKASI 75 by 3 (8.11%), and the AKASI 50 by 10 (27.03%).

In the immunosuppressed group, no patient achieved an AKASI 100, whereas AKASI 75 was reached by 1 patient (3.70%) and AKASI 50 in 5 (18.52%).

In Figure 4 the clinical images of two treated patients, from T0 to T2, are reported.


[image: image]

FIGURE 4
(A) Immunosuppressed patient. (B) Immunocompetent patient.




NIRS results

Analysis with NIRS spectroscopy was conducted at T0 and T2 on a smaller group of 15 patients (8 immunocompetent and 7 immunosuppressed).

The MANOVA did not show significant differences for the O2Hb and HHb signals in the two analyzed epochs (before and after ice application) between pre- and post-treatment (Table 6).


TABLE 6    P-value and d of the O2Hb and HHb signals in the two epochs before and after.

[image: Table 6]

The p-value and d (dimension of the space in which the variances of the groups fall) allow us to understand if the two groups show statistical differences and therefore can be considered as two distinct groups (d = 1). In our case, the calculated values do not allow a distinction.

Figure 5 shows the first two canonical variables estimated through the MANOVA, in the four conditions of the O2Hb and HHb signals before and after ice application.


[image: image]

FIGURE 5
Graphical representation of the first two canonical variables estimated through the MANOVA for the O2Hb and HHb signals, before and after ice application.





Discussion

The rising incidence of AKs, in particular in immunosuppressed subjects, and the high risk of evolution of these “in situ” neoplasms toward invasive tumors, make their treatment and the identification of appropriate tools for response monitoring essential.

The use of high-protection UV filters has proved to be useful against the skin chronic photoirradiation damage (8, 9). However, recent studies have shown that new medical devices are more effective in primary prevention, especially in higher-risk patients (12–16). In a previous randomized controlled study (17), we demonstrated the effectiveness of a new class I medical device containing active ingredients with antioxidant and repairing action for the prevention and treatment of AKs in a cohort of 90 patients, which also included 28 chronically immunosuppressed subjects. At the end of the treatment, the reduction of the mean number of AKs was 54.7% in the treatment group, vs. 9.43% among the patients who had only used sunscreen. The present study represents the continuation of the previous one, employing the new formulation of the product, characterized by the replacement of vitamin E with nicotinamide. This is a water-soluble derivative of vitamin B3, that demonstrated, both in vitro and in vivo several photoprotective effects, enhancing DNA repair, reducing the UV-induced suppression of skin immune responses, modulating inflammatory cytokine production, and restoring cellular energy levels after UV exposure (22, 23). In particular, in our experience, this molecule has proven able to protect human primary keratinocytes isolated from the FC from the UV-induced oxidative stress (24). Among the active ingredients of the product tested in this study there are also green tea polyphenols (epigallocatechin gallate) that demonstrated immune protective and antioxidant effects (25) and DNA repairs enzymes. Recent studies confirmed the effectiveness of the topical application of these molecules in the prevention and treatment of actinic keratoses. Notably, the T4 Endonuclease V (T4N5), derived from the UV-resistant bacterium Micrococcus luteus, significantly reduced actinic keratoses in treated patients (26, 27). Similar effects were obtained also by the treatment with topical products containing photolyase, derived from marine cyanobacteria and by the combination of high protection traditional sunscreens, endonuclease and photolyase (28, 29). Also, in vitro and in vivo experiments suggested a putative role in skin cancer prevention of OGG-1, another DNA repair enzyme derived from the mustard plant Arabidopsis thaliana, even its effective efficacy has yet to be confirmed in the clinical setting (30).

In this study, the assessment of the clearance of lesions in treated patients was performed using the AKASI score. This method allows to analyze both the extension of the actinic damage affected area, and the clinical characteristics of AK. Compared to the simple count of the lesions, the AKASI score has some advantages: i) it is a reproducible and reliable method; ii) takes greater account of the actinic damage within the FC area and iii) solves the difficulty of lesion counting in patients with severe photodamage, where often the AKs are coalescing within an erythematous and inflamed area (18). Furthermore, the skills for the AKASI calculation are easily acquired and the calculation rapid, and therefore suitable for an assessment in the outpatient setting. In this study, the evaluations were carried out by 4 different dermatologists; nevertheless, the inter-operator reproducibility of the AKASI score has recently been confirmed (31).

In our study, the mean AKASI score calculated at T0 was significantly higher among the immunocompetent patients than in the OTRs (4.47 vs. 3.21; p-value 0.013). This discrepancy may be justified by the fact that the mean age, and consequently the risk of chronic actinic damage (32), was significantly higher in the immunocompetent group (77.67 vs. 68.16; p-value < 0.001). It should also be noted that the immunocompromised subjects enrolled in this study followed a periodic surveillance program and had been trained in the constant use of photoprotectors, which have been proven to be sufficiently effective in the prevention of actinic keratoses (9–11, 13). Moreover, a prevalence of subjects with phototype II was observed in the OTRs group (88.10% vs. 28.13) with a consequent predominancy of phototypes III in the immunocompetent group. It should be remembered that all the patients enrolled in our study presented phototype II and III. In fact, the phenotypic characteristics of the population hailing from the geographical area in which it was conducted make phototype I very rare; furthermore, a mandatory inclusion criterion was the presence of AKs, that are extremely unfrequent in subjects with brown/black skin (phototypes IV, V, and VI) (32, 33).

A significantly higher AKASI score (p-value 0.019) was found in subjects with a previous NMSC history. This data agrees with a retrospective study which analyzed the association between AKASI score and risk of evolution from Aks to iSCC, demonstrating that the patients with AKASI > 7 may have a higher risk of developing iSCC (19).

In our experience, the AKASI score proved to be a valid tool to verify the efficacy of the product under study, highlighting an average percentage reduction at the end of treatment of 31.37% in immunocompetent patients and 22.76% in organ transplant recipients, in comparison to the initial values. The reduction in AKASI values was statistically significant in the single time intervals (T0 vs. T1 and T1 vs. T2) in both groups of treated patients. The demonstration of the efficacy of the treatment also in the group of solid organ recipients represents a particularly important data, in consideration on the high propensity of these subjects to develop skin neoplasms (4), and of the scarcity of literature to support the efficacy and the safety of medical devices for the prevention and treatment of AK and FC in this specific subset of patients (17). In fact, the reduced efficiency in tumor surveillance, resulting from the long-term use of immunosuppressive drugs, could cause a lower capacity to respond to treatments.

In our study, the use of the AKASI score also allowed us to identify treatment response thresholds to evaluate the treatment outcomes, based on those prosed by Schmitz et al. (34), with a complete clearance of the lesions (AKASI 100) reached in 2 immunocompetent patients and the achievement of AKASi 75 in 8.11% of the immunocompetent and 3.7% of the immunosuppressed patients, and of AKASI 50 in 27.03% and 18.52%, respectively.

Another innovative aspect of our project was the use of NIRS, a non-invasive technique that evaluates hemoglobin relative concentration variations, for the assessment of the response to treatment. The feasibility of this method for the AK monitoring has already been demonstrated in previous studies conducted by our group (20, 21), in which we identified through a multivariate analysis of variance a different vascular response in AK compared to healthy skin and in the lesions themselves before and after treatment with Imiquimod 3.75%. In the present study, however, despite the evidence of clinical response to treatment, we did not find significant differences for O2Hb and HHb signals in the two periods. At baseline condition (before epochs), the vascularization of the AK lesions before and after the topical cream did not show statistically significant differences. This result confirms those shown in our previous study, in which NIRS signals did not detect any significant differences between the vascularity in AK lesions before and after Imiquimod 3.75% (35). In the previous study, the HHb signals showed statistically significant differences only after ice application, demonstrating the importance of the vasoconstrictor stimulus for the vascular response assessment. Notably, the two groups of signals showed a statistical difference only after the application of the stimulus. In the present study, both HHb and O2Hb signals showed no significant differences, even after the application of the vasoconstrictor stimulus. The dissimilarity between the intense pro-inflammatory and immunomodulating effect exerted by imiquimod (35), and the mechanism of action of the product used in the current study could justify this possible incongruity. Its ingredients, in fact, acts by repairing the UV-induced DNA damage and reducing the oxidative stress provoked by the photo exposure, but have only a moderate anti-inflammatory action and do not significantly modify the vascularization of the treated areas (22, 23, 36). The absence of statistical significance could also be due to the relative scarceness of the sample monitored by NIRS, compared to the study previously conducted (21), or to a different severity and extent of the lesions assessed. Unfortunately, the studies are not easily comparable on this point, since the evaluation of the extension was previously carried out in agreement with the grading proposed by Olsen (37) and not through the AKASI score.



Conclusion

Herein, we demonstrate the effectiveness in AK prevention and treatment of a topical product that combines high-protection sunscreens with anti-oxidant molecules and enzymes capable to repair photo-induced DNA damages, confirming the validity of this therapeutic strategy even in patients under long-term immunosuppressive treatment.

Based on our experience, AKASI has proven to be a valuable tool in monitoring these patients, while further large-scale studies will be needed to confirm the possible application of NIRS in this setting.

Due to the high incidence of chronic actinic damage and the related lesions (i.e., FC, AK, and iSCC) both in the general and chronically immunosuppressed population, we believe that the results deriving from this study may represent strategies of interest for the treatment and monitoring of patients suffering from these pathological conditions.
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Introduction: Hansen's disease (HD) is the most common cause of treatable peripheral neuropathy in the world that may or may not involve skin manifestations, and physical examination based on simplified neurologic evaluation is a subjective and inaccurate procedure. High-resolution ultrasound (HRUS) can be used to evaluate peripheral nerves and is a validated technique of good reproducibility, permitting a detailed and precise examination.

Objectives: We proposed to establish objective criteria for absolute values of the measurement of the CSA of peripheral nerves and their indices of the ΔCSA and ΔTpT in the diagnosis of Hansen's disease neuropathy as compared with healthy voluntaries.

Materials and methods: In municipalities from different regions of Brazil, we randomly selected 234 volunteer Brazilian patients diagnosed with leprosy to be submitted to peripheral nerve echography and compared with 49 healthy Brazilian volunteers.

Results: Hansen Disease assessed by high resolution ultrasound is a primarily neural disease that leads to multiple hypertrophic mononeuropathy characterized by CSA values exceeding normal limits (Med CT = 10.2 mm2; UT = 9.8 mm2; UPT = 9.3 mm2; CFFH = 18.3 mm2; T = 9.6 mm2), and the pattern of asymmetry (ΔCSA>2.5 mm2 with RR 13) and focality (ΔTPT > 2.5 mm2 with RR 6.4) of this thickening has higher sensitivity (76,1%) and specificity (87,8 %) for its early diagnosis that laboratory tests. Analyzing each subject, the percentage of thickened nerves detected among the total number of nerves assessed was higher among patients with HD than among healthy individuals (p < 0.0001). Individuals with two or more thickened nerves were at 24.1 times higher relative risk (95% CI: 6.74–88.98) of HD.
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Introduction

Hansen's disease (HD) is the most common cause of treatable peripheral neuropathy in the world. Mycobacterium leprae mainly resides in macrophages and Schwann cells, affecting myelination. It causes a primary neural disease involving the immunologic system (being induced or maintained by an immune response to the bacillus), and the neural damage results in disability and maintenance of stigmas. As proposed by the World Health Organization, nerve thickening is one of the cardinal signs for the diagnosis of a case of leprosy (1). When the first signals of nerve damage can be noted, at least 30% of the nerve fibers may be affected (2, 3). HD is a neural disease that may or may not involve skin manifestations (4–11). Cases of peripheral neuropathy accompanied by nerve thickening should lead clinicians to suspect a diagnosis of HD (12). Physical examination based on simplified neurologic evaluation including the palpation of peripheral nerves helps the diagnosis of nerve thickening and neuritis; however, this is a subjective procedure that may not detect the condition in very early cases, even by well-trained professionals (13).

High-resolution ultrasound (HRUS) can be used to evaluate most peripheral nerves and is a validated technique of good reproducibility, permitting a detailed and precise examination (14, 15). With HRUS, the peripheral nerves appear on a longitudinal view (cord-like pattern) as multiple tubular hypoechoic structures (dark gray bundles) intermingled with hyperechoic lines (perineurium—white), with their ensemble being covered with a hyperechoic line (epineurium). On a transversal view (honeycomb pattern), these structures are hypoechoic and round (fascicles) surrounded by hyperechoic bands (perineurium), and all of these fascicles are surrounded by a denser outer line (epineurium) (14, 15). HD has been characterized by greater peripheral nerve thickening defined by the increase in their cross-sectional area (CSA) (9, 10), usually asymmetrical (9), followed by other morphological changes, such as echogenicity and/or fascicular pattern; perineurium thickening; and peripheral nerve vascularization that can be detected by intraneural and/or perineural Doppler signals (16, 17). In addition to parameters regarding the absolute values of CSA measurements, Frade et al. (10), among others, have suggested the measurement of the asymmetry index [ΔCSA = (>right or left CSA) – (< right or left CSA)] in the evaluation of leprosy and have demonstrated that this index is highly sensitive and specific for the differentiation between the nerves of healthy individuals and the nerves of patients with leprosy. Regardless of the classification as multibacillary or paucibacillary, the fusiform thickening of the ulnar nerve starts in the ulnar sulcus and reaches a maximum of 4 cm above the medial epicondyle (9, 10, 18–20). However, Frade et al. (10) have pointed out that the difference between the measurement of the thickened ulnar nerve in the distal region of the arm and that in the elbow region, or vice versa, had more than 90% specificity for leprosy. This characteristic finding may be of help, especially in the diagnosis of primary or pure neural leprosy (PNL), in which the skin lesions are absent and in the differentiation between leprosy and other neuropathies, in which a diffuse nerve increase may occur.

So, we proposed to establish the objective criteria of the measurements of absolute values of the CSAs of the peripheral nerves and their indices of the asymmetry and focality in the diagnosis of Hansen's disease neuropathy as compared with healthy voluntaries.



Ethical considerations

The present study was approved by the Research Ethics Committee of the University Hospital, Faculty of Medicine of Ribeirão Preto, University of São Paulo (protocol no. 2.165.032, MH-Brasil and 92228318.1.0000.5440). Written informed consent was obtained from all participants, including the parents/guardians of subjects younger than 18 years. All procedures involving human beings followed the ethical standards of the Declaration of Helsinki (1975/2008).



Casuistry

Municipalities of different regions of Brazil (north, northeast, and southwest) whose health professionals had been habilitated by the National Reference Center for Sanitary Dermatology with emphasis on leprosy of HCFMRP-USP were selected between 2016 and 2020. In these regions, we randomly selected 234 volunteer Brazilian patients diagnosed with leprosy by these teams to be submitted to peripheral nerve echography. As a comparative (control) sample of healthy Brazilian volunteers, we used cases of our service, as reported by Voltan et al. (2022) (Annex 1); to carry out this work, we obtained a sample number of 97 for the Brazilian population of 211 million inhabitants, with a confidence level of 95% and a margin of error of 10%. Our sample consisted of 66 individuals; however, since the distribution of the CSA of the right and left nerves was homogeneous, 132 neural points were considered for statistical analysis, being the largest sample among the evaluated studies and fulfilling the sample calculation criteria for our population. Calculation performed with https://calculareconverter.com.br/calculo-amostral/ and verified at https://solvis.com.br/calculos-de-amostragem/ for 211 million and 132 neural points of 66 individuals with 95% CI have a margin of error of up to 8.53%. In addition, we included in the same data bank unpublished data on the 18 tibial nerves of nine individuals aged 15–60 years (mean: 7.6 ± 0.94 mm2; median: 8.0 mm2).



Clinical evaluation

Clinical evaluation was performed by dermatologists and HD specialists habilitated by the program of the Health Ministry. The teams were not involved in the capture and HRUS analysis of the images.



Peripheral nerve echography

The general portable ultrasound devices used were Mindray M5, Samsung HM70-A, and Vinno6, equipped with high-frequency transducers, with frequencies ranging from 4 to 17 MHz. Each nerve was scanned on crosswise and lengthwise sections, and the cross-sectional area (CSA) of the transversal sections was obtained with adjustment of the angle perpendicular to the insonated nerve surface, without pressure on the structures. The neural points assessed were defined according to their proximity to anatomical bone references, facilitating the reproducibility of the method by being well-established sites for neural compression or more common sites of electrophysiological assessment. The CSA was determined at these sites with a continuous trace, internally to the hyperechoic borders of the epineurium (Figures 1A,B). For comparison with the literature, all patients were submitted to already established echographic assessment of 10 neural sites, that is, median nerves in the carpal tunnel (between the scaphoid and pisiform bones); ulnar nerves in the cubital tunnel (between the medial epicondyle and olecranon) and in the distal third of the arm (cubital pretunnel−3–5 cm above the medial epicondyle); the common fibular nerves in the fibular head topography; and the tibial nerves in the tarsal tunnel, all of them bilaterally. As an exception, four new additional sites were established for the assessment of routine focality, that is, common fibular nerves in the thigh (pre-fibula head or distal third of the thigh between 3 and 8 cm proximal to the fibula head) and median nerves in the distal third of the forearm (3–5 cm proximal to the carpal tunnel). The nerves of the upper limbs were assessed with the patient sitting and with elbows flexed 60–90°, while the nerves of the lower limbs were assessed with the patient sitting or in the dorsal decubitus with legs slightly flexed 90–130°.


[image: Figure 1]
FIGURE 1
 Drawing of a cross-section of a peripheral nerve (A); high-resolution echography of the ulnar nerve in the right (RPT) and the left (LPT) cubital pretunnel with preserved cross-sectional area, echogenicity, and fascicular pattern (B,C).


All data collection procedures were carried out during active search campaigns in different regions of Brazil. After 2 or 3 months of collection, the same researcher opened the images on his personal computer and analyzed each image, extracting only objective data from the CSA for statistical analysis. All other results were obtained using mathematical formulas performed in Excel to arrive at ΔCSA and ΔTpT. In short, the researcher's experience helped in carrying out the measurements, but as they are objective data, if any other researcher performs them following the same standards, they should have the same results.



Statistical analysis

Excel® software was used to transpose the CSA values (mm2) obtained from photographs of the ultrasound examination, and Prism 8 software for macOS was used for later data analysis. The means, standard deviations, and median absolute CSA values were calculated for each of the 14 nerve sites assessed (seven on the right side and seven on the left side). The paired t-test was used to analyze asymmetries. We calculated the indices (Δ) of the differences of absolute CSA values between the right and the left side (ΔCSAs) and of the differences between the absolute CSA values in the same nerve. The neural sites were considered to be thickened when their CSA values, extracted from the database from Voltan et al. (2022), were higher than the reference values for normal individuals summed to two times the values of the standard deviations (SDs). Similarly, each neural site was considered to be asymmetrical when the ΔCSA was higher than the reference values plus two times the SD for normal individuals. The same reasoning was used for the ΔTPT to consider the focality. The total number of thickened/altered neural sites was counted using the “cont.se” function of Excel software, and the total number of altered sites in terms of asymmetry (ΔCSA) and focality (ΔTPT) was calculated for in each one.

The total number of thickened neural sites was calculated for each individual using the “cont.se” function of Excel. Similarly, each neural site was considered to be asymmetrical or with focality when the ΔCSA and ΔTPT, respectively, were higher than RV + 2 SD. The total number of altered sites in terms of asymmetry (ΔCSA) and focality (ΔTPT) was calculated using the “cont.se” function of Excel. In order to assess the discriminatory power for the diagnosis of Hansen's neuropathy by ultrasound, the ROC curve was applied to the number of altered sites according to CSA, ΔCSA, and ΔTPT as compared with the values obtained for healthy individuals.



Results

The clinical–demographic characteristics and the anti-PGL1 results of the population sample studied are given in Table 1.


TABLE 1 Distribution of the population sample by sex, age range, state of origin, operational classification, and anti-PGL 1 data.

[image: Table 1]

The values detected for the patients with HD were compared with the normal CSA patterns of healthy Brazilian individuals based on the values established by Voltan et al. (2022).



Absolute CSA values (mm2) of the peripheral nerves and their indices

The 234 patients were assessed by bilateral HRUS of the peripheral nerves: median in the carpal tunnel (Med CT), ulnar in the cubital tunnel (UT) and cubital pretunnel (UPT), common fibular in the fibula head (CFFH), and tibial in the medial malleolus (T). Based on initial observations during fieldwork, new sites were routinely established as follows: median nerve in the forearm (Med FA) and the common fibular nerve in the thigh proximal to the fibula head (CFTH), and for this reason, there was a variation of the sample (n), with measurements of Med TC being obtained for 100 (43 %) patients and measurements of CFTH being obtained for 151 (64.5 %) patients.

The mean, standard deviation, and median values of the absolute CSA values in mm2 and of the differences between the right and left sides (ΔCSA) and between sites of the same nerve (ΔTPT) are presented in Table 2 according to age range.


TABLE 2 Distribution of ultrasound measurements (CSA, ΔCSA, and ΔTPT) according to age range, total sample, and upper limit.
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Assessment of CSA values according to gender

The absolute peripheral nerve CSA values (age range: 15–60 years) divided into male and female gender tended to be higher for men, with a difference at the sites of the Med FA, UT, UPT, and CFFH nerves (Figure 2).


[image: Figure 2]
FIGURE 2
 Distribution of CSA (mm2) values at neural sites according to male and female gender for the age range of 15–60 years. F, female; M, male; CSA, cross-sectional area; Med CT, median carpal tunnel; Med FA, median forearm; UT, cubital ulnar tunnel; UPT, cubital ulnar pretunnel; CFFH, common fibular head of the fibula; CFTH, common fibular thigh; T, tibial.




Assessment of CSA values according to age range

We observed a gradual increase in mean and median peripheral nerve CSAs with increasing age range in patients diagnosed with Hansen's disease. There was a significant difference between the age-group of 0–14 years and the remaining groups (p < 0.05). Among the age-groups of 15–60 and > 60 years, this increase occurred only for the UT, UPT, and tibial sites, as shown in Table 2 and Figure 3.


[image: Figure 3]
FIGURE 3
 Distribution of absolute CSA (mm2) values for the neural sites assessed in patients with leprosy according to age range, with differences highlighted (p < 0.05). CSA, cross-sectional area; Med CT, median carpal tunnel; Med FA, median forearm; UT, cubital ulnar tunnel; UPT, cubital ulnar pretunnel; CFFH, common fibular in the fibula head; CFTH, common fibular thigh; T, tibial.


As observed for the absolute values, the ΔCSA and ΔTPT values differed between the age-group of 0–14 years and the remaining groups (p < 0.05), except for the Med FA site. Comparison of the age-groups of 15–60 and > 60 years revealed that the differences (Δ) were greater in the age-group of >60 years at the Med CT, Med FA, CFTH, and T sites, as shown in Table 2 and Figure 4.


[image: Figure 4]
FIGURE 4
 Comparative analysis of the difference between the right and left CSA values (ΔCSA) and the values in the same nerve (ΔTPT) according to age range. CSA, cross-sectional area; Med CT, median carpal tunnel; Med FA, median forearm; UT, cubital ulnar tunnel; UPT, cubital ulnar pretunnel; CFFH, common fibular in the fibula head; CFTH, common fibular thigh; T, tibial. ΔCSA, difference between the right and the left nerve at the same site of assessment, ΔTPT, difference between different sites of the same nerve.




Comparative analysis of healthy individuals and patients with leprosy

We compared 49 healthy individuals (98 neural sites) with 176 individuals diagnosed with leprosy (352 neural sites) in the age range of 15–60 years.

Since these were not paired samples and did not have parametric distribution, we compared both the absolute CSA values of peripheral nerves and the differences between them using the Mann–Whitney test.

The results revealed higher median and mean absolute CSA values of peripheral nerves among the patients with leprosy compared with healthy individuals at all possible comparison sites, as illustrated in detail in Figure 5.


[image: Figure 5]
FIGURE 5
 Comparative analysis of peripheral nerve CSA, ΔCSA (mm2), and ΔTPT (mm2) values between healthy individuals and patients with Hansen's disease aged 15–60 years. CSA, cross-sectional area; Med CT, median carpal tunnel; Med FA, median forearm; UT, cubital ulnar tunnel; UPT, cubital ulnar pretunnel; CFFH, common fibular in the fibula head; CFpFH, common fibular proximal fibular head; T, tibial; ΔCSA, difference between the right and the left nerve at the same site of assessment; ΔTPT, difference between the same nerve at different sites of assessment; HVs, healthy volunteers; Hansen, patients with Hansen's disease.


The mean absolute CSA value of the tibial nerves of patients was 11.0 ± 4.9 and was higher than the value detected in healthy individuals, as also observed by Voltan et al. (unpublished data) who obtained a mean value of 7.6 ± 0.94 mm2 and a median of 8.0 mm2, and as reported by Kerasnoudis et al. (21) (6.36 ± 1.4), Tagliafico et al. (22) (9.6 ± 4), Boehm et al. (23) (9.1 ± 2.2), and Grimm et al. (24) (10.2 ± 2.0).

Regarding the asymmetry of CSA values at each neural site assessed as calculated by the respective differences between sides (ΔCSA), we observed higher mean and median differences in the group of patients with leprosy than in the group of healthy individuals at all neural sites, except for the tibial nerve, which showed no difference. The mean and median values of focality, measured by the difference between two sites in the same nerve (ΔTPT) for the ulnar tunnel/ pretunnel nerve, were also higher in the group of patients with leprosy than in healthy individuals (Figures 5, 6).


[image: Figure 6]
FIGURE 6
 Transversal view of common fibular nerve on the right and left sides in the same HD patient demonstrating enlargement of peripheral nerve, asymmetry (ΔCSA) and focality (ΔTpT) major than normal references values. CSA, cross-sectional área; CFFH, common fibular nerve at fibular head; CFpFH, common fibular nerve proximal at fibular head; R, right; L, left; ΔCSA, asymmetry; ΔTpT, focality. In the green frame we highlight the calculation of ΔCSA and ΔTpT.




Analysis of the absolute number and percentage of thickened nerves per individual

Analyzing each subject, the percentage of thickened nerves detected among the total number of nerves assessed was higher among patients with HD than among healthy individuals (p < 0.0001). The ROC curve revealed an AUC of 89.1 (95% CI: 84.6–93.5%, p < 0.0001) (Figure 7). These findings indicate that when the percentage of thickened nerves was higher than 16.5% (more than two altered nerve sites), the sensitivity reached 76.1% (CI: 69.3–81.8) and specificity reached 87.8% (75.8–94.3), with a relative risk for HD of 6.2.


[image: Figure 7]
FIGURE 7
 Longitudinal view of the common fibular nerve with fusiform enlargement demonstrating focality (ΔTpT).


Considering the 16.5% sensitivity detected, for a binomial analysis, we divided our sample into subjects with up to two nerves altered ( ≤ 2) and individuals with more than two nerves altered (>2). The chi-square value with Yates correction was 52.03 (p < 0.00001), with individuals having two or more thickened nerves at 24.1 times higher relative risk (95% CI: 6.74–88.98) of Hansen's disease.



Analysis by number of asymmetrical sites per subject

Analysis of asymmetries among the neural sites (ΔCSA) defined as altered (more than RV ± 2 SD) per individual by the ROC curve when comparing healthy individuals and patients with HD revealed that the area under the curve was 85.09 (95% CI: 0.79–0.90, p < 0.0001), as demonstrated in Figure 8. Our data showed 79% sensitivity (72.37–84.35) and 87.8% specificity (75, 76–94, 27) when more than 10% of the neural sites evaluated presented altered ΔCSA (>2.5 mm2), with a relative risk of 6.45 for HD.


[image: Figure 8]
FIGURE 8
 Intraneural focality pattern [Scollard pattern (4) demonstrated by Voltan, G and Frade, MAC with the high-resolution ultrasound] of the ulnar nerve on the longitudinal view (up) and transversal view (down right and down left) showing the different fascicle patterns in the same nerve.


Considering the 10% sensitivity index detected, for a binomial analysis, and dividing our sample into individuals who had zero nerves altered in terms of asymmetry and individuals with one or more altered asymmetries (≥1), the chi-square value with Yates correction was 71.6 (p < 0.0001), and individuals with one or more asymmetrical nerves were found to be at 13 times higher relative risk (95% CI: 5.98–28.79) of HD.



Analysis by the difference between two sites of the same nerve per individual (Focality)

When comparing healthy individuals with patients with HD, we checked the cutoff point for the number of altered ΔTpT per individual, and we found no difference between groups (p > 0.05) (Table 3, Figure 9).


TABLE 3 ROC curve table comparing the percentage of nerves with at least one altered ΔTpT (>2.5 mm2 - focality) between healthy individuals and patients with leprosy.

[image: Table 3]


[image: Figure 9]
FIGURE 9
 ROC curve analysis of the percentage of altered nerves among the nerves assessed per individual in healthy and HD groups.


For a binomial analysis, we divided our sample into individuals who had no altered ΔTPT and individuals with one or more altered ΔTPT (≥1). The chi-square value with Yates correction was 18.3 (p < 0.0001), and individuals with one or more altered ΔTPT were found to have a 6.4 higher relative risk (95% CI: 2.5–21.9) of HD.



Discussion

Over the last decade, HRUS has become an invaluable diagnostic method for the assessment of peripheral nerves, being used for the assessment of focal and diffuse thickening and of echotextural changes and fascicular patterns in various neuropathies. These features can be quantified objectively by measuring the CSA of the nerve. An increased CSA of the nerve involved permits a precise localization in compressive neuropathies and in neural tumors (25, 26).

The more severe consequences of leprosy such as deformities and disability are due to neurologic involvement (11). For this reason, the WHO suggests more studies with peripheral nerve ultrasound in neuropathy of leprosy since palpation of peripheral nerves is subjective and requires training (13), with agreement between pairs of professionals trained in the technique of nerve palpation being unsatisfactory (27), while HRUS has better cost-effectiveness than other methods, such as magnetic resonance (15, 28).

In the present study, the age range of 15–60 years was selected because it shows lower variation of absolute CSA values (mm2) of peripheral nerves (29), with lower values among children and adolescents and higher values among older individuals. Another important factor for this choice was the epidemiological distribution based on the time of disease incubation and risk of transmission, proposed for HD by dividing the age ranges into lower and higher than 15 years.

Our study stands out by involving the largest series in the world for the assessment of the peripheral nerves of patients with leprosy, with all examinations being performed by the same physician specialized in imaging diagnosis during an active search within the community and not solely within hospitals and reference centers.

The assessment of the differences in the CSA of the neural sites (ΔCSA and ΔTPT) distributed according to age range (Figure 4) demonstrated that the youngest has shorter time of disease and, consequently, lower differences between sides (ΔCSA) and between sites of the same nerve (ΔTPT). Only the ulnar nerve did not show change in the ΔCSA and ΔTPT with age, highlighting as an important nerve for the assessment of HD neuropathy.

For all neural sites, patients with HD presented higher absolute CSA values than healthy individuals (p < 0.0001), confirming the data reported by Frade et al. (10) in a study conducted at a reference center for HD.

Regarding asymmetry between the right and left sides, patients with HD also had higher ΔCSA values than healthy individuals (Figure 10), which is also in agreement with the data reported by Frade et al. (10).


[image: Figure 10]
FIGURE 10
 ROC curve analysis of the percentages of the number of asymmetries of the neural sites assessed per individual, which is considered to be altered (ΔCSA>2.5 mm2) when comparing the healthy and HD groups in the age range of 15 to 60 years.


Regarding focality, that is, the difference between two sites on the same nerve (the ulnar nerve), the highest mean, standard deviation, and median ΔTPT values were obtained for the HD group (HD: 2.3 ± 3.9 mm2/HV: 1.0 ± 0.8 mm2; median 1.0 mm2) (Figure 11). These changes characterize the neuropathy of HD as hypertrophic, asymmetrical, and focal, findings which confirm the data reported by Frade et al. (10) and Pottecher et al. (30).


[image: Figure 11]
FIGURE 11
 ROC curve analysis of the percentage of the number of altered ΔTpT (>2.5 mm2 - focality) of the neural sites assessed per individual when comparing the healthy and leprosy groups in the age range of 15–60 years.


Klauser et al. (31), Klauser et al. (32), and Miyamoto et al. (33) have reported that thickening of the median nerve in cases confirmed as having carpal tunnel syndrome occurs inside the tunnel. Nagappa et al. (34) recently showed that the thickening 2 cm proximal of the carpal tunnel for the median nerve discriminates leprosy from the carpal tunnel syndrome (34). The localization of neural thickening, such as in the ulnar nerve in the cubital pretunnel, helps in the diagnosis of leprosy neuropathy (10, 15, 19, 20, 35).

Jain et al. (20) detected at least one thickened nerve in 18/20 (90%) patients with leprosy and concluded that neural involvement affects a larger number of nerves and various neural sites in leprosy. Considering nerves greater than the upper normal limits to be altered (mean ± 2 SD), our data identified altered CSAs in 157/176 (89%) cases, in agreement with Jain et al. (20). In addition, 113 patients (64%) had altered absolute CSA values in at least three sites of peripheral nerves, a fact that defines leprosy neuropathy as hypertrophic.

Several laboratory tests have been studied for the diagnosis of leprosy, such as the use of anti-PGL1, which showed lower sensitivity than other antigens but did not affect specificity, and a meta-analysis showed mean sensitivity of 59.1% (95% CI 50.6–671) and specificity of 91.7% (95% CI 83.9–94.9). In 78 studies, ELISA was the test predominantly investigated among all available serological tests, with sensitivity ranging widely from 0 to 100% and specificity ranging from 13 to 100% (36).

Peripheral nerve thickening viewed by HRUS showed superior sensitivity and specificity for the diagnosis of HD neuropathy. Thus, if an individual has at least two neural sites (16.5%) defined as thickened, this finding has 76.1% sensitivity and 87.8% specificity, with an RR of 24. When at least one neural site (10%) of the nerves assessed shows asymmetrical thickening, sensitivity is 72.4% and specificity is 87.8%, with an RR of 13. Regarding the ΔTPT of the ulnar nerve lesion, 40% of the patients had at least one nerve, with a difference of more than 2.6 mm2, 39.7% sensitivity, 100% specificity, and an RR of 6.4 times.

Also, the authors bring some tips about when screening the patients:

• El Gency et al. (12) concluded that “a peripheral neuropathy accompanied by neural thickening with or without cutaneous manifestations should lead the clinician to think about HD,” so we indicate that for patients without sensory loss classified as glove or boot who present islands of sensitivity alteration, the clinician could perform ultrasound of peripheral nerves following the protocol for leprosy.

• Every individual with clinical suspicion of leprosy plus the clinical suspicion of neuritis (pain or shock in the nerve path) should be evaluated by high-resolution ultrasound following the protocol for leprosy.

• Every individual who is in contact with a patient with leprosy should be scanned by HRUS in order to carry out future follow-ups so that we can make an early diagnosis when there is nerve thickening associated with some functional loss.

There are some limitations to the study: All patients with HD were not assessed for the Med FA (median forearm) and CFTH (common fibular thigh), we did not compare these two neural points between HD and HV groups, and our data did not compare patients with HD with other neuropathies. Other limitations may be the use of three different machines, which may have some difference in relation to the CSA obtained on different machines, but we tried to strictly follow the protocols for measuring the CSA, which makes the study quite robust. All our data collection was carried out during active patient search campaigns in four Brazilian states; therefore, it was not carried out in referral hospitals. Therefore, we assume that these patients had a shorter time of disease or infection, perhaps even early; however, it is very difficult to answer this question exactly since the pathophysiology and natural history of the disease in patients with leprosy 2–5 years, according to some authors.



Conclusion

HD assessed by HRUS is established as a primary neural disease that leads to multiple hypertrophic mononeuropathy characterized by CSA values exceeding normal limits: Med CT = 10.2 mm2; UT = 9.8 mm2; UPT = 9.3 mm2; CFFH = 18.3 mm2; T = 9.6 mm2.

An individual with at least two thickened nerves assessed in the active search campaign has a 23.1 greater chance of having leprosy than a healthy individual.

HD neuropathy is characterized not only by an increased CSA but also by the pattern of asymmetry (ΔCSA>2.5 mm2 with an RR of 13) and focality (ΔTPT>2.5 mm2 with an RR of 6.4) of this thickening, with high sensitivity and specificity for its early diagnosis.

Peripheral nerve ultrasound based on the protocol for the assessment of leprosy neuropathy (Med CT, UT, UPT, CFFH, and T nerves) can be used as a point-of-care method for the early diagnosis of HD neuropathy.
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Background: Dermoscopy is a non-invasive adjuvant diagnostic tool that allows clinicians to visualize microscopic features of cutaneous disorders. Recent studies have demonstrated that dermoscopy can be used to diagnose onychomycosis. We performed this systematic review to identify the characteristic dermoscopic features of onychomycosis and understand their diagnostic utility.

Methods: We searched the Medline, Embase, Scopus, and Cochrane databases from conception until May 2021. Studies on the dermoscopic features of onychomycosis were screened. The exclusion criteria were as follows: fewer than 5 cases of onychomycosis, review articles, and studies including onychomycosis cases that were not mycologically verified. Studies on fungal melanonychia were analyzed separately. We adhered to the MOOSE guidelines. Independent data extraction was performed. Data were pooled using a random effects model to account for study heterogeneity. The primary outcome was the diagnostic accuracy of the dermoscopic features of onychomycosis. This was determined by pooling the sensitivity and specificity values of the dermoscopic features identified during the systematic review using the DerSimonian-Laird method. Meta-DiSc version 1.4 and Review Manager 5.4.1 were used to calculate these values.

Results: We analyzed 19 articles on 1693 cases of onychomycosis and 5 articles on 148 cases of fungal melanonychia. Commonly reported dermoscopic features of onychomycosis were spikes or spiked pattern (509, 30.1%), jagged or spiked edges or jagged edge with spikes (188, 11.1%), jagged proximal edge (175, 10.3%), subungual hyperkeratosis (131, 7.7%), ruins appearance, aspect or pattern (573, 33.8%), and longitudinal striae (929, 54.9%). Commonly reported features of fungal melanonychia included multicolor (101, 68.2%), non-longitudinal homogenous pigmentation (75, 50.7%) and longitudinal white or yellow streaks (52, 31.5%).

Conclusion: This study highlights the commonly identified dermoscopic features of onychomycosis. Recognizing such characteristic dermoscopic features of onychomycosis can assist clinicians diagnose onychomycosis by the bedside.

KEYWORDS
 fungal nail infection, onychomycosis, dermoscopy, fungal melanonychia, onychoscopy


Introduction

Dermoscopy is a non-invasive diagnostic tool that helps clinicians to visualize microscopic features of cutaneous disorders, including skin cancers, connective tissue disorders and inflammatory dermatologic conditions, that are not discernible on naked eye examination (1–3). Consequently, it optimizes diagnostic accuracy and minimizes the need for unnecessary biopsies (4).

Onychomycosis is a communicable fungal nail infection caused by dermatophytes, non-dermatophyte molds, and yeasts. It is the most common nail disorder worldwide and severe disease can cause significant nail dystrophy and pain (5). Fungal melanonychia is a rare manifestation of a fungal nail infection, which presents with brown-black pigmentation of the nail unit. Accurate diagnosis of fungal nail disorders is important as systemic treatments are required for at least 2–3 months and topical treatments for more than 12 months. Misdiagnosis should be avoided, as systemic treatments risk hepatic damage (6) and unnecessary economic burden on the healthcare system. Clinically, onychomycosis may resemble traumatic onycholysis, nail psoriasis, or trachyonychia, and differentiating fungal melanonychia from nail melanoma is crucial. Dermoscopy can help to identify onychomycosis and fungal melanonychia at the bedside. Therefore, we conducted a systematic review to identify the characteristic dermoscopic features of onychomycosis and melanonychia, as well as a meta-analysis to determine the diagnostic performance and accuracy of dermoscopy in diagnosing onychomycosis.



Methods

This study adhered to the Meta-analyses of Observational Studies in Epidemiology (MOOSE) statement, with appropriate adjustments made as per the recommendations for systematic reviews and meta-analyses of diagnostic test accuracy (7, 8). The study protocol is registered in PROSPERO (Reg. No.: CRD42021268430).


Literature search

Ovid MEDLINE (including Epub Ahead of Print, In-Process, and Other Non-Indexed Citations), Embase, Scopus, and the Cochrane Central Register of Controlled Trials were searched from inception to May 2021 by three reviewers (SSL, JO, LHLY). The research question was in patients with onychomycosis (P), what are the common dermoscopic features (I) that add to clinical examination (C) in diagnosing onychomycosis (O). Therefore, search terms included “dermoscopy” or synonyms (including dermatoscopy, videodermoscopy, onychoscopy and epiluminescence microscopy) and “onychomycosis” or synonyms (including tinea unguium). Medical subject headings (MeSH) terms were also included.



Eligibility criteria

All published studies involving at least five cases of mycologically proven onychomycosis with dermoscopic findings were included. Studies reporting fewer than five cases were excluded due to risk of selection bias. Studies of fungal melanonychia were analyzed separately.



Study selection and data extraction

Three reviewers (SSL, JO, and LHLY) independently screened the titles and abstracts of all identified articles, and then screened the full text of potentially eligible articles. Non-English articles were screened by reviewing their titles and abstracts translated in English. Duplicate studies and review articles were excluded. None of the cases required a fourth author (JHM) to resolve any disagreement. The parameters extracted from each article included the first author's surname, date of publication, journal name, number of onychomycosis or fungal melanonychia cases, number of control cases, type of control cases (e.g., healthy or psoriasis), definition and prevalence of dermoscopic features, as well as their sensitivity and specificity if reported. Study authors were not contacted.



Risk of bias assessment

Two reviewers (SSL and JO) appraised the articles according to the Quality Assessment of Diagnostic Accuracy Studies (QUADAS2) guidelines (9).



Statistical analysis of the primary study outcome

The primary study outcome was diagnostic accuracy of the common dermoscopic features of onychomycosis. This was measured by pooling the sensitivity and specificity values using the DerSimonian-Laird method. We used a random-effects model to account for study heterogeneity. Pooled sensitivity and specificity values and their 95% confidence intervals (CI), forest plots, and summary receiver operating characteristics (SROC) curves were generated using Meta-DiSc version 1.4 (Hospital Ramon y Cajal and Universidad Complutense de Madrid) and Review Manager 5.4.1 (Cochrane, Oxford, UK).




Results


Literature search and included studies

A total of 201 articles were identified, of which 46 were duplicates (Figure 1). Of the 155 screened articles, 24 were full-text articles discussing common dermoscopic features in five or more cases of mycologically proven fungal nail disease. The characteristics of the 24 eligible studies are summarized in Table 1. Nineteen articles were on onychomycosis and five were on fungal melanonychia. Of the 19 onychomycosis articles, 11 had a control group consisting of nail psoriasis, traumatic onycholysis, and healthy or mycologically negative nails. A meta-analysis was performed on the data with controls. However, it was not conducted for fungal melanonychia, as only two of the five fungal melanonychia articles had a control group.


[image: Figure 1]
FIGURE 1
 Flow diagram illustrating search strategy.



TABLE 1 Characteristics of the eligible studies.
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Dermoscopic features of onychomycosis

Nineteen studies reported dermoscopic features of 1,693 cases of onychomycosis. Commonly identified dermoscopic features of onychomycosis were spikes or spiked pattern (481, 28.4%) (10–18), jagged or spiked edges or jagged edge with spikes (188, 11.1%) (19–25), jagged proximal edge (175, 10.3%) (10, 12, 16, 18), subungual hyperkeratosis (131, 7.7%) (15, 19, 20, 25, 26), ruins appearance, aspect or pattern (573, 33.8%) (15, 19, 22, 24, 27, 28), and longitudinal striae (929, 54.9%) (10–18, 20–23, 27) (Table 2). Other dermoscopic findings included distal irregular termination (331, 19.6%) (10–12, 14–16, 18, 20, 22) and aurora borealis pattern (293, 17.3%) (11, 12, 15, 17, 20, 23). Frequently described color changes were homogenous leukonychia (304, 18.0%) (12, 15, 16, 20, 22, 23, 28), yellow (216, 12.8%) (13, 15, 16, 23, 26) and brown (212, 12.5%) (12, 15, 16, 22, 23, 26).


TABLE 2 Dermoscopic features of onychomycosis reported in one or more articles.
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Terms with similar definitions or those used interchangeably were grouped for meta-analysis upon careful examination of the authors' definitions. When we grouped spikes or spiked pattern, jagged or spiked edges, distal streaks, jagged edge with spikes and jagged proximal edge as “spike pattern”, the pooled sensitivity was 77.3% (95% CI, 73.2–81.1%) and specificity was 96.2% (95% CI, 93.1–98.2%) (Figure 2). Pooled sensitivity of subungual hyperkeratosis and ruins appearance, aspect or pattern was 67.1% (95% CI, 62.5–71.5%) and specificity was 64.7% (95% CI, 58.1–70.8%). For longitudinal striae, pooled sensitivity was 67.3% (95% CI, 61.7–72.6%) and specificity 95.6% (95% CI, 90.7–98.4%).


[image: Figure 2]
FIGURE 2
 Sensitivity and specificity of important dermoscopic features of onychomycosis and their summary receiver operating characteristics (SROC) curves.




Dermoscopic features of fungal melanonychia

Five studies reported dermoscopic features of 148 cases of fungal melanonychia (Table 3) (29–31, 33). These cases demonstrated longitudinal white or yellow streaks (52, 35.1%) (31–33), nail surface scales (39, 33.1%) (31–33) and subungual hyperkeratosis (41, 27.7%) (31–33) (Table 3), which are also common dermoscopic features of onychomycosis. Homogenous pigmentation (75, 50.7%) (29, 30, 33) or longitudinal pigmentation (54, 36.5%) (29, 31–33) was frequently observed, and the most common colors were multicolor (101, 68.2%) (29–33), brown (84, 56.8%) (29, 31–33) and black (46, 31.1%) (29, 31–33). The pigmentation in melanonychia arising from a fungal infection tends to appear brown due to the production of fungal melanin via the pentaketide pathway (31). This is in contrast to melanomas, where melanin is made from tyrosine, and commonly appears as darkly pigmented and black. Findings that appear specific to fungal melanonychia, such as “reverse triangle” (30, 20.3%) (30–33), due to fungal invasion from the distal nail plate and “superficial transverse striation” (41, 27.7%) (29, 30, 33), were also reported. All cases had negative findings for melanoma, such as the lack of the Hutchinson sign (0%) (30–33) and triangular sign (0%) (31, 32).


TABLE 3 Dermoscopic features of fungal melanonychia.
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Quality assessment

The risk of bias in the eligible articles was evaluated according to the QUADAS2 guidelines (Table 4). Studies with “unclear” patient selection bias did not specify their method of patient selection, such as whether patients were recruited prospectively or retrospectively or whether patients were enrolled consecutively or randomly. Studies had a low risk of bias in terms of the index test (dermoscopy), reference standard (clear diagnosis of non-onychomycosis nails), flow, and timing. However, the risk of bias in the reference standard for one article was deemed high, as two cases with a positive potassium hydroxide result were not classified as onychomycosis as they primarily displayed features of other nail disorders (19). Studies had low applicability concerns with patient selection and reference standards, but two studies had high applicability concerns with the index test because they did not provide clear definitions or representative images for dermoscopic features (25, 27).


TABLE 4 Quality assessment of the included studies.
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Discussion

The role of dermoscopy is well established in diagnosing cutaneous malignancies such as malignant melanoma and non-melanoma skin cancers (34, 35). Its use expands to various inflammatory and infectious disorders, including onychomycosis. By conducting a systematic review of 19 articles on 1,693 cases of onychomycosis and 5 articles on 148 cases of fungal melanonychia, we could enlarge the sample size and thus the statistical power to identify the dermoscopic features with diagnostic utility. Recognizing common dermoscopic features of onychomycosis can help clinicians to expedite accurate diagnosis and management. The most frequently reported patterns in onychomycosis included spikes or spiked patterns, ruins appearance, aspect or pattern and longitudinal striae. After pooling the dermoscopic terminology that were closely related or used interchangeably, “spike pattern” and longitudinal striae had high specificity (96.2 and 95.6%, respectively) and moderate sensitivity (77.3 and 67.3%, respectively) for onychomycosis. Detecting these features can raise clinicians' suspicion of onychomycosis and expedite further investigations. Ruins appearance, aspect or pattern and subungual hyperkeratosis had moderate sensitivity (71.6%) and specificity (64.7%) for onychomycosis as these features can also be observed in other nail disorders including nail psoriasis and allergic contact dermatitis. Other dermoscopic features characterizing onychomycosis were distal irregular termination, aurora borealis, homogenous leukonychia, and brown discoloration.

We also found that the most frequently described dermoscopic features of fungal melanonychia were longitudinal white or yellow streaks and nail surface scales. Unlike melanocytic melanonychia, fungal melanonychia is characterized by non-longitudinal homogenous pigmentation and reverse triangular patterns (32). Moreover, our data demonstrate that subungual hyperkeratosis frequently occurs in fungal melanonychia.

This study has some limitations. There was considerable heterogeneity in the study design and terminology definitions of the enrolled studies, which may have limited the strength of our study. We sought to clarify dermoscopic terminology by identifying commonly used terms and narrowing their definitions to accurately pool and compare the findings. Future studies with standardized terminology are necessary, ideally through an expert panel, to facilitate clear communication among clinicians.

To our knowledge, this is the first systematic review of dermoscopic features of onychomycosis. Given the limited sample sizes of existing studies on this topic, pooling their results provides us an overview of the most common features of onychomycosis and the frequency at which they present in patients. Understanding these characteristic dermoscopic features of onychomycosis can assist clinicians diagnose onychomycosis by the bedside.
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Introduction: Hansen's disease (HD) primarily infects peripheral nerves, with patients without HD being free of peripheral nerve damage. Household contacts (HHCs) of patients with HD are at a 5–10 times higher risk of HD than the general population. Neural thickening is one of the three cardinal signs that define a case of HD according to WHO guidelines, exclusively considering palpation examination that is subjective and may not detect the condition in the earliest cases even when performed by well-trained professionals. High-resolution ultrasound (HRUS) can evaluate most peripheral nerves, a validated technique with good reproducibility allowing detailed and accurate examination.

Objective: This study aimed to use the peripheral nerve HRUS test according to the HD protocol as a diagnostic method for neuropathy comparing HHCs with healthy volunteers (HVs) and patients with HD.

Methods: In municipalities from 14 different areas of Brazil we selected at random 83 HHC of MB-patients to be submitted to peripheral nerve ultrasound and compared to 49 HVs and 176 HD-patients.

Results: Household contacts assessed by HRUS showed higher median and mean absolute peripheral nerve cross-sectional area (CSA) values and greater asymmetries (ΔCSA) compared to HVs at the same points. Median and mean absolute peripheral nerve CSA values were higher in patients with HD compared to HCCs at almost all points, while ΔCSA values were equal at all points. Mean ± SD focality (ΔTpT) values for HHCs and patients with HD, respectively, were 2.7 ± 2.2/2.6 ± 2.2 for the median nerve, 2.9 ± 2.7/3.3 ± 2.9 for the common fibular nerve (p > 0.05), and 1.3 ± 1.3/2.2 ± 3.9 for the ulnar nerve (p < 0.0001).

Discussion: Considering HRUS findings for HHCs, asymmetric multiple mononeuropathy signs (thickening or asymmetry) in at least 20% of the nerves evaluated could already indicates evidence of HD neuropathy. Thus, if more nerve points are assessed in HHCs (14 instead of 10), the contacts become more like patients with HD according to nerve thickening determined by HRUS, which should be a cutting-edge tool for an early diagnosis of leprosy cases.
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Introduction

Hansen's disease (HD), one of the oldest chronic infectious diseases affecting humans, whose etiologic agent is Mycobacterium leprae (M. leprae) and Mycobacterium lepromatosis, an obligate intracellular pathogen with tropism for macrophages and Schwann cells, primarily infects peripheral nerves and involves the skin and other tissues (1–3). HD is a current and challenging disease still representing a public health problem in developing countries such as Brazil, which ranks second in the world in the number of new cases per year, with more than twenty thousand new cases per year (4, 5). HD has no primary prevention, which means that there is no specific vaccine against M. leprae, and diagnostic and prognostic tests are not feasible or well-established in clinical routine (3). The incubation period of HD is variable, ranging from 6 months to more than 20 years, with an average period of 2–4 years, due to its very slow growth (6).

The predominance of multibacillary (MB) cases with nerve impairment indicate a late diagnosis and underscores the ineffectiveness of epidemiological control in many countries (7). Moreover, new cases not only involving high functional impairment but also affecting children reflect the failure of early HD detection and indicate continued transmission (8). People with untreated HD are generally considered to be the main source of transmission; however, because of the complex relationships between genetic, immunological, and environmental factors, most infected contacts will not develop HD, although recent studies have reported that they may be healthy carriers and transmit M. leprae to susceptible individuals (9–13). Some authors have demonstrated the presence of viable M. leprae strains in skin smear samples from patients as well as in environmental samples obtained from around their homes, revealing that the occurrence of new cases among people without previous contact with those with untreated HD may be due to other undisclosed sources of infection such as water, soil, and animals (14–17).

Contacts of MB patients diagnosed with HD are at 5 to 10 times higher risk of HD than the general population (1, 18, 19). Contact with patients with HD is the main determinant of the incidence of HD (10, 13, 19–29), and the type of contact is not limited to family relationships (18).

There are no patients with HD without peripheral nerve damage, but the exact mechanism underlying the condition is still unknown (30). Scollard (30) suggested that neuropathy may occur partly by the invasion of Schwann cells from the outside to inside, and Graham Weddell observed that HD-related damage occurs at places where there is movement, such as the wrist, elbow, knee, and ankle. Such movements lead to micro-trauma to which the body responds by sending repair cells, including macrophages. For these cells to get into the endoneurium, where the micro-trauma is located, the endothelial cells of the blood vessels in the endoneurium will express adhesion molecules (30).

In a study assessing the neuropathy occurring in HD, Defaria (31) concluded that the condition is a mixed primary peripheral polyneuropathy involving motor and sensory fibers whose earliest neural lesion appears by asymmetric axonal neuropathy and as diffuse demyelination in the later stage. In addition, neuropathy is present in all clinical forms, including those of some contacts.

The diagnosis is essentially clinical, based on a thorough dermatoneurological examination, and in the presence of hypochromic macules, the use of Semmes-Weinstein monofilaments improves its accuracy (32). Current diagnostic tools such as ELISA, PCR, and electroneuromyography (ENMG) have proved to be effective for an early diagnosis of HD and are useful for the evaluation of the efficacy of therapy, but their use is limited in HD, which has been considered a marginalized disease. In addition, these diagnostic methods are only available at referral centers and in teaching and research services (6, 31). Furthermore, pure neural HD, accounting for 5–10% of index cases that present with asymmetric neuropathy in the absence of bacilli in skin smears, remains a diagnostic challenge, often requiring a nerve biopsy, rarely available in the “clusters” and in the areas of higher endemicity (33, 34). Santos et al. (22) demonstrated that, among contacts of patients with HD eligible for a biopsy due to a change in ENMG, 27.8% showed anatomopathological changes suggestive of HD.

In 1977, some authors detected a clearly greater gradual reduction in nerve conduction velocity in the contacts of patients with HD than in HVs, suggesting that a careful (probably improved) method of recording sensory nerve action potentials in the radial cutaneous nerve branch to the index finger could be of help by confirming a diagnosis of leprosy and by detecting the disease in contacts of patients with leprosy before any clinical or bacteriological evidence of leprosy (35).

Neural thickening is one of the three cardinal signs defining a case of HD proposed by the World Health Organization guidelines (36), although only exclusively considering the clinical findings obtained by the palpation technique. When the first signs of neural damage can be noticed, at least 30% of the nerve fibers may show damage (37, 38). HD is a neural disease that may or may not have cutaneous manifestations (2, 3, 39–44). On the contrary, cases of peripheral neuropathy accompanied by neural thickening, with or without cutaneous manifestations, should lead the clinician to suspect the diagnosis of HD (45). Physical examination based on simplified neurological assessment, including palpation of the peripheral nerves, aids in the diagnosis of neural thickening and neuritis; however, this method is subjective, and the earliest cases may not be detected even by well-trained professionals (46, 47).

High-resolution ultrasound (HRUS) can evaluate most peripheral, superficial, and deep nerves and is a validated technique with good reproducibility allowing detailed and accurate examination (48–51). A hand-held ultrasound device can readily identify nerve enlargement in individuals with leprosy, notable in areas with limited healthcare resources because of the portability and low-cost nature of such devices (51, 52).

In the case of pure or primary neural leprosy (PNL), serial scans could be valuable in monitoring treatment and reactions, particularly when it is impossible to determine whether the patient is in remission. In addition, the authors suggest the US as a likely useful tool in the diagnosis of PNH (42, 49, 51).

This study proposes to assess the HRUS of peripheral nerves with an HD protocol as a diagnostic method for asymmetric and fusiform (focal) multiple mononeuropathy by comparing the household contacts of patients with untreated HD with healthy individuals and with those diagnosed with untreated HD.



Materials and methods


Ethical statement

This study was approved by the Research Ethics Committee of Hospital das Clínicas, Faculdade de Medicina de Ribeirão Preto, Universidade de São Paulo (protocol number 2.165.032, MH-Brazil and 92228318.1.0000.5440). Written informed consent was obtained from all participants, including the parents and guardians of each participant under 18 years of age. All procedures involving human subjects are in accordance with the ethical standards of the Declaration of Helsinki (1975/2008).



Sample

Between 2016 and 2020, municipalities from different regions of Brazil (north, northeast, and southeast) whose health professionals were trained by the National Reference Center in Health Dermatology with an emphasis on HD of HCFMRP-USP were selected. In these regions, we randomly selected 176 patients (HD) and 83 household contacts (HHC) from the MB (multibacillary) patients HD by the teams. All of them were Brazilian volunteers to be submitted to peripheral nerve ultrasound. As a comparative sample of healthy Brazilian volunteers, we used 49 healthy individuals (HVs) among the cases of our service, and as a comparative sample of patients diagnosed with HD (HD), we used cases of our service as published by Voltan et al. (53, 54).

Before being submitted to the HD protocol through the HRUS, all HHCs were clinically evaluated by specialist physicians, dermatologists, or leprologists. Exclusion criteria were all individuals with neurological symptoms such as loss of strength, paresthesia, electric shock-like pain, pain or cramps, with a body mass index ≥35.0 kg/m2, a diagnosis of metaboli [c]c disease (diabetes mellitus, hypothyroidism or hyperthyroidism) or other peripheral neuropathies, and an amputated limb.



Clinical evaluation

The clinical evaluation was performed by dermatologists and HD specialists trained by the Ministry of Health program. The teams were not involved in the execution and analysis of the HRUS images.



Echography of the peripheral nerves

Between 2016 and 2020, a physician from our group with a specialization in US and imaging diagnosis and with extensive experience in the neuromuscular US used portable general US devices with high-frequency linear transducers ranging from 4 to 17 MHz. Each peripheral nerve was scanned in transverse and longitudinal sections, and the cross-sectional area (CSA) of transverse sections was obtained with adjustment of the angle perpendicular to the insonated nerve surface and without pressing the structures. The neural points evaluated were selected due to their proximity to bone anatomical references, facilitating the reproducibility of the method, and because they are known sites for neural compression or more common electrophysiological evaluation, besides being already well-established in the literature. The CSA was measured at these points with a continuous trace, within the hyperechoic borders of the epineurium (Figures 1A, B). For comparison with the literature, all patients underwent echographic evaluation of 10 established neural points, namely, the median nerves in the carpal tunnel (Med CT); the ulnar nerves in the cubital tunnel (UT) and the distal third of the arm (cubital pre-tunnel: 3–5 cm above the medial epicondyle)-(UpT); the common fibular nerves in the topography of the fibular head (CFFH); and the tibial nerves in the tarsal tunnel (T), all bilaterally. Exceptionally, in addition to these, four new points were established for routine focality assessment, i.e., the common fibular nerves proximal to the fibular head (3–8 cm proximal to the head of the fibula)-(CFpFH) and median nerves in the distal third of the forearm (Med pCT) (2–5 cm proximal to the carpal tunnel). The upper limb nerves were evaluated with the patient sitting and with elbows flexed between 60 and 90°. The nerves of the lower limbs were evaluated with the patient sitting or in lateral decubitus with legs slightly flexed between 90 and 130°.


[image: Figure 1]
FIGURE 1
 Schematic representation of the cross-sectional view of a normal peripheral nerve and its morphological structures obtained by HRUS. (A) 3D view and (B) with a honeycomb pattern.




Statistical analysis

Cross-sectional area values obtained from photographs of the US exams were plotted using the Excel® software and further analyzed using Prism 8 for macOS software. We calculated the means, standard deviations, and medians of absolute CSA values for each of the 14 points of the nerves evaluated (7 on the right side and 7 on the left side). The paired t-test was applied to analyze asymmetries. We calculated the indices (Δ) of the differences in absolute CSA values between the right and left sides (ΔCSAs - asymmetry) and of the differences in absolute CSA values between segments of the same nerve (ΔTpT - focality). Neural points were considered to be altered (thickened) when their absolute CSA values were greater than the reference values for normal individuals added to 2 times the standard deviation values (RV + 2 SD). Each neural point was considered to be asymmetric when ΔCSA was greater than its RV + 2 SD, and each neural point was considered to have fusiform or focal thickening when ΔTpT was greater than RV + 2 SD. We also calculated the total number of neural points with increased CSA per individual using the “cont.se” function of the Excel program, as well as the total number of points altered with respect to asymmetry (ΔCSA) and focality (ΔTpT) for each individual. The HV, HHC, and HD groups were compared by the unpaired T-test and the non-parametric Mann-Whitney test using the Prism program. To evaluate the discriminatory capacity of the US for the diagnosis of HD neuropathy, the ROC curve was applied to the numbers of altered points according to CSA, ΔCSA, and ΔTpT, which were then compared to the respective numbers obtained for healthy individuals.




Results

The demographic characteristics, place of birth, and respective anti-PGL1 serology results of the population sample evaluated are described in Table 1.


TABLE 1 Distribution of the population sample of HHDs (contacts of patients with HD) by sex, age group, region of origin, and anti-PGL-I data.

[image: Table 1]

For comparison of the values obtained for the patients, we considered the values established by Voltan et al. (54) as normality standards (healthy individuals—none of whom had any known contact with leprosy) for CSAs in the Brazilian population.

We have been following 11 HHCs from the southwest—Jardinópolis/SP for 3 years, 5 of whom have developed HD with neuropathy.


Absolute CSA values (mm2) of the peripheral nerves and their indices

The 83 HHCs were evaluated by bilateral HRUS of the following peripheral nerves: Med CT, UT UpT, CFFH, and T. Based on initial observations during fieldwork, additional evaluation of new analysis points of the Med Ab and CFpFH was established as routine in the examinations. Thus, the sample number (n) varied, with measurements of 24 (29.2 %) HHCs being obtained for Med pCT and 38 (46.3 %) HHCs for CFpFH. In 21 HHCs, 14 neural points (MCT, Med pCT, UT, UpT, CFFH, CFpFH, T) were evaluated.

The means, standard deviations, and median absolute CSA values in mm2 and the values of the differences between the right and left sides (ΔCSAs/ΔAsymmetry) and between two points of the same nerve (Δ TpT/Δfocality) are listed in Table 2 according to age group.


TABLE 2 Distribution of ultrasound measurements (CSA, ΔCSA, ΔTpT) according to age range in HHCs and upper normal limit in HVs.

[image: Table 2]



Comparative analysis of healthy individuals, household contacts of patients diagnosed with HD, and patients with HD

We compared 49 healthy individuals (98 neural points) with 69 household contacts (HHCs) of patients diagnosed with HD (138 neural points) and with 176 patients diagnosed with HD (352 neural points) in the age range of 15–60 years.

Since the samples were unpaired and did not have parametric distribution, both the absolute values of the peripheral nerve CSAs and the values of the differences between the CSAs were compared by the non-parametric Mann-Whitney test.

Our results showed higher medians and means of the absolute values of the CSAs of peripheral nerves and greater asymmetries (ΔCSA) in the HHCs compared to the healthy volunteers at all points amenable to comparison, except for the ΔCSA of the tibial nerve, which was equal for the two groups. There was no difference in focus (ΔTpT) of the ulnar nerve between these groups although the mean ± standard deviation showed higher values for the household contacts (HHC = 1.3 ± 1.3 x HVs = 1.0 ± 0.8). The median and mean absolute values of peripheral nerve CSAs were higher in HDs than in HCCs at almost all points except for the Med Ct and UT neural points, which were equal. Asymmetry (ΔCSA) did not differ between groups at any point. The mean ± SD focality (ΔTpT) values of HCC and patients with HD were 2.7 ± 2.2/2.6 ± 2.2 for the median nerve, 2.9 ± 2.7/3.3 ± 2.9 for the common fibular nerve (p > 0.05), and 1.3 ± 1.3/2.2 ± 3.9 for the ulnar nerve (p < 0.0001), respectively, as demonstrated in Figure 2.


[image: Figure 2]
FIGURE 2
 Absolute CSA values (mm2) of peripheral nerve sites for HVs and HHC [(A) up on the left]; absolute CSA values of peripheral nerves sites for HHC and HD [(B) up on the right]. ΔCSA (mm2) of right and left sides at the same assessment site for HVs and HHC [(C) middle on the left]; ΔCSA (mm2) of right and left sides at the same assessment site for HHC and HD [(D) middle on the right]. ΔTpT (mm2) of the different sites of the same nerve for HVs, HHC, and HD [(E) below]. (n), number; Med, median; CT, carpal tunnel; UT, ulnar tunnel; UPT, ulnar pre-tunnel; CFFH, common fibular nerve in the fibula head; T, tibial; MpT, median nerve in the proximal carpal tunnel; CFpFH, common fibular nerve proximal to the fibular head; CSA, cross-sectional area; ΔCSA, difference between the right and left nerves at the same site of assessment; ΔTpT, difference between the same nerve at different sites; HVs, healthy volunteers; HHC, household contacts of patients with HD; HD, Hansen's disease.


In 29 HHCs and 91 patients with HD, we were able to discriminate the ΔTpT (focality) of the median nerve between thickening in the carpal tunnel or proximal to the carpal tunnel, and we obtained greater nerve thickening proximal to the carpal pre-tunnel in 2 HHCs (7%) x 20 HD (22%) (Figure 3) and greater nerve enlargement on the carpal tunnel in 19 HHCs (65%) x 49 HD (53%). The chi-square value was 8.9, with p < 0.05.


[image: Figure 3]
FIGURE 3
 Fusiform thickening of the left median nerve regarding focality (ΔTpT) CSA pCT > CSA CT; ΔTpT = 18.69 −14.95 = 3.7 mm2 > ULV (upper limit value).




Absolute number and percentage of thickened nerves per individual

The nerves were considered to be enlarged when their CSA was greater than the mean ± 2 SD of the normal values established in the study by Voltan et al. (54).

To determine a possible relationship between the categorical variables, thickened nerves, neural points with asymmetry between right and left sides (ΔCSA), and nerves with the difference between segments of the same nerve (focality/ ΔTpT), we compared by the chi-square test and ROC curve household contacts of untreated patients diagnosed with HD, healthy individuals, and patients diagnosed with HD.

When we compared the mean, standard deviation, and median [Md ± SD (M)] values of the index of the number of nerves with increased CSA per individual, we detected a significant difference (p < 0.05) between all groups: healthy subjects [0.04 ± 0.09 (0)], HHC [0.27 ± 0.26 (0.2)], and HD [0.41 ± 0.29 (0.4)]. Regarding ΔCSA altered beyond normality, we detected the following differences: HVs [0.02 ± 0.08 (0)] x HHCs [0.3 ± 0.23 (0.2)] and HVs x HD [0.32 ± 0.24 (0.4)]. Also, we detected higher than normal neural focality (ΔTpT) in the HD group [0.24 ± 0.32 (0)] compared to HHCs [0.13 ± 0.27 (0)] and in the HHC group compared to HVs [0.03 ± 0.12 (0)].



HHCs vs. HVs

When comparing healthy individuals to contacts of patients diagnosed with HD aged 15–60 years, we observed that the percentage of thickened nerves per nerve evaluated per individual was higher in contacts of patients with HD than in healthy subjects (p < 0.0001). Analysis by the ROC curve revealed that the AUC was 83.0 (95% CI: 75.4–90.5%, p < 0.0001), and when the percentage of altered nerves among those evaluated was higher than 16.5%, sensitivity reached 61.7% (CI: 49.9 to 72.4) and specificity reached 87.8% (75.8 to 94.3), with a relative risk of 5.0 (Figure 4).


[image: Figure 4]
FIGURE 4
 Analysis by the ROC curve of the percentage indices of altered nerves among the nerves evaluated per individual comparing the groups of healthy individuals and contacts of patients with HD aged 15–60 years.


Regarding the number of asymmetries between neural points (ΔCSA) per individual defined as altered (greater than the reference mean + 2DP) by the ROC curve, comparison between healthy individuals and contacts of patients diagnosed with leprosy aged 15–60 years revealed a ROC curve of 84.9 (95% CI: 0.77–0.92, p < 0.0001) and when the percentage index of neural points defined as asymmetric was >10% of the points evaluated, sensitivity was 82.3% (71.6–89.6) and specificity was 87.8% (75.76–94.27), with a relative risk of 6.72, as shown in Figure 5.


[image: Figure 5]
FIGURE 5
 ROC curve analysis of the percentage indices of the number of asymmetries (ΔCSA) of the evaluated neural points considered to be altered per individual when comparing the groups of healthy persons and contacts of patients with HD (b – on the right).


In the analysis regarding the number of focalities among the points of the same nerve (ΔTpT) defined as altered (greater than the reference mean ± 2DP) per individual by the ROC curve, when comparing healthy individuals to contacts of patients diagnosed with HD aged 15–60 years, the area under the curve was 58.2 (95% CI: 0.50–0.65, p < 0.05), and when the percentage index of neural points defined as having focality was >25% of the points evaluated, sensitivity was 39.7% (32.8–47.1) and specificity was 76.4% (65.1–84.9), with a relative risk of 1.69, as shown in Figure 6.


[image: Figure 6]
FIGURE 6
 ROC curve analysis of the percentage indices of the number of focalities (ΔTpT) of the evaluated neural points considered to be altered per individual when comparing the groups of healthy persons and contacts of HD patients aged 15–60 years.




HHCs x HDs

When we compared contacts of patients diagnosed with HD to patients aged 15–60 years, we observed that the percentage of thickened nerves per nerve evaluated per individual was higher among patients with HD than among their contacts (p = 0.0003). Considering analysis by the ROC curve, we observed that the AUC was 64.8 (95% CI: 0.57–0.72, p = 0.0003) and when the values of the percentage of altered nerves among those evaluated were higher than 55%, sensitivity reached 30.6% (CI: 24.3–37.8) and specificity reached 85.3% (75–91.8), with a relative risk of 2.0 (Figure 6). Considering the percentage index of specificity found (82.3%), for a binomial analysis, we divided our samples into individuals with up to 6 nerves altered (<6) and individuals with more than 6 nerves altered (≥6). The chi-square value with Yates' correction was 6.5 (p < 0.05), and we found that individuals with six or more thickened nerves had a relative risk of 0.48 and an odds ratio of 0.39 (Figure 7).


[image: Figure 7]
FIGURE 7
 Analysis by the ROC curve comparing HHC and patients with HD aged 15–60 years: percentage indices of altered nerves among the nerves evaluated per individual [(A) up on the right]. The percentage indices of the number of asymmetries (ΔCSA) [(B) up on the left]. The percentage indices of the number of focalities (ΔTpT) [(C) as mentioned later].





Discussion

We found only one article (55) in the literature that evaluated by the US a peripheral nerve of contacts of the patient diagnosed with HD (PubMed; keywords: leprosy + contacts + ultrasound + nerves), and three other authors suggested that the US can be used for the evaluation of HD contacts (55–57). To the best of our knowledge, our sample of the number of nerves evaluated with HRUS of peripheral nerves in HHC and patients must be the largest in the world.

When we analyze healthy individuals, contacts of patients diagnosed with HD, and patients with HD, we note neural involvement even before the individuals develop the disease. There is thickening with increased CSA in all nerves of HD contacts compared to healthy individuals although this thickening is lower compared to patients with HD. Our results support the findings of other studies by objectively demonstrating that the contact factor increases the risk of developing HD (6, 11, 13, 19, 22–24); furthermore, peripheral nerve US with an HD protocol demonstrated that the neuropathy secondary to HD is a multiple peripheral mononeuropathy, confirming the results of other authors (22, 40, 43, 44, 58–64).

Moreover, given the natural history of the disease, these data show the primary neural involvement of HD detected with objective diagnostic imaging criteria. We question whether this early peripheral nerve involvement might be a subclinical phase of the disease or a host immune response. In any case, if there is nerve involvement, it is to be expected that there was an interaction between the pathogen and host, although not all individuals do develop the disease (9–13, 16).

Regarding the morphological aspects of the behavior of the disease with respect to the involvement of peripheral nerves, when we analyze the asymmetry criteria, we can observe that the contacts of MB-patients with HD already have more asymmetrical nerves (median, ulnar and fibular), with above normal differences between the right and left sides when compared to healthy individuals, as observed by Frade et al. (40) and Lugão et al. (43) and also when healthy individuals are compared to patients. However, since asymmetry (ΔCSA) was already installed in household contacts, this criterion showed no difference between HHC and patients (Figure 8).


[image: Figure 8]
FIGURE 8
 High-resolution ultrasound (HRUS) images of the same HHC of a patient with HD with asymmetrical mononeuropathy of the common fibular nerve on the head of the fibula.


Regarding focality within the same nerve, there was no difference between healthy subjects and contacts in the ulnar nerve; however, there was a difference between contacts and patients, demonstrating the late occurrence of this event in the natural history of the disease, as observed by Bathala et al. (59, 65) and Frade et al. (40) when comparing healthy individuals to those diagnosed with HD. The ΔTpT focality of the median nerve and the common fibular nerve was similar in HHCs and patients with HD.

Nagappa et al. (66) concluded that a median nerve enlargement of 2.0 cm proximal to the distal wrist crease distinguishes leprosy from carpal tunnel syndrome (CTS). In our study, we showed that patients with HD and their contacts had equal ΔTpT values in the median nerve, and the proportion of HHC with median nerve thickening in the carpal pre-tunnel had 4.1 OR with 90% specificity and positive predictive value compared to patients with HD. Thus, given the difference between healthy and sick subjects, we could characterize focality as a more specific marker of the disease (Figure 9). We would consider the asymmetry criteria to be more sensitive and probably of earlier detection for the characterization of peripheral nerve involvement in the evolutive phases of HD. This finding also shows that serial evaluation of leprosy contacts is a unique tool for assistance programs in public administration, being of help for an early diagnosis and thus contributing to the elimination of the disease (67).


[image: Figure 9]
FIGURE 9
 HRUS image demonstrating thickening of the median nerve proximal to the carpal tunnel on transverse view.


A meta-analysis of the accuracy of diagnostic tests for HD (68) that included 78 studies concluded that, although test accuracy appears reasonable, the studies suffered from heterogeneity and poor methodological quality, most of them evaluating the detection of IgM antibodies against phenolic glycolipid-I by ELISA with 63.8% sensitivity (95% CI: 55.0–71.8) and 91.0% specificity (95% CI: 86.9–93.9) in 39 of the studies while the sensitivity of qPCR (five studies) was 78.5% (95% CI: 61.9–89.2) and specificity was 89.3% (95% CI 61.4–97.8). The sensitivity of conventional PCR (17 studies) was 75.3% (95% CI 67.9–81.5) and specificity was 94.5% (95% CI: 91.4–96.5). Regarding peripheral nerve ultrasonography in the evaluation of HD neuropathy, several studies have considered it as a method with good efficacy, reproducibility, and diagnostic accuracy, besides its accessible cost and availability, even for point of care (40, 43, 47, 49, 59, 69–76).

Healthy individuals had nerves without thickening compared to contacts who had up to 20% of nerves with thickening and to patients who had up to 40% of nerves with increased CSA, results similar to those reported by Wilder-Smith et al. regarding neural dysfunction of peripheral nerves documented by ENMG, which was greater in patients with HD, followed by HHC and HVs (77). The same applies to the number of asymmetries per individual which was higher in HD compared to contacts and healthy individuals.

We also evaluated 4 new neural points in 21 contacts and 78 patients, for a total of 14 rather than 10 points. The AUC of the sum of the thickened nerves increased, thus also increasing the sensitivity and specificity of peripheral nerve US with a protocol for HD evaluation. However, increasing the number of neural points in the evaluation no longer revealed differences in asymmetry and focality between HHC and patients with HD, with the two groups being equal.

About the limitations of our study, perhaps a prospective study with an evaluation of the peripheral nerves of the contacts that show the neural thickening documented by the peripheral nerve US examination may bring more information regarding the development of the pathology. Another limitation of our study was that we did not have data on the ΔTpT (Δfocality) of the median and common fibular nerves of HVs. The data presented could also reflect on the individual's immunity acting against the nerve and promoting thickening and asymmetry, or the subclinical infection itself.



Conclusion

Peripheral nerve US with a protocol for HD (median, ulnar, common fibular, and tibial nerves) revealed HD as an asymmetric and/or focal peripheral multiple mononeuropathy.

Considering HRUS findings, if asymmetric multiple mononeuropathy signs (thickening or asymmetry) are detected in at least 20% of the nerves evaluated in the HHCs, these findings could already indicate evidence of HD neuropathy. Thus, if more nerve points are assessed in HHCs (14 instead of 10), these individuals become more like patients with HD according to the nerve thickening determined by HRUS, which should be a cutting-edge tool for an early diagnosis of leprosy cases.

Neural hypertrophy detected by HRUS in all peripheral nerve points seems to differentiate contacts from healthy volunteers, but the enlargement of three of seven neural points (median CT, ulnar-tunnel, and commun fibular nerve in pre-head fibula) was similar to that of patients with HD. Asymmetry of peripheral nerves was greater in the HHC group at all neural points compared to healthy volunteers, except in the tibial point, and was similar when compared to patients with HD at all points evaluated. Both findings could constitute important alerts for early and/or subclinical HD, mainly asymmetry, with 82.3% sensitivity and 87.7% specificity, respectively.

Finally, the peripheral nerve focalities of the median and common fibular nerves were similar for HHC and patients with HD, except for the ulnar nerve whose values were higher in patients with HD than in HHC. These data could also suggest important findings for the median and common fibular nerves of individuals with early and/or subclinical HD, which can be properly assessed only by HRUS, while ulnar nerve focality seems to be a late event in the natural course of the HD.
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Background: In melanoma, in-transit metastases characteristically occur at the lower extremity along lymphatic vessels.

Objectives: The objective of this study was to evaluate conventional or three-dimensional photography as a tool to analyze in-transit metastasis pattern of melanoma of the lower extremity. In addition, we assessed risk factors for the development of in-transit metastases in cutaneous melanoma.

Methods: In this retrospective, monocentric study first we compared the clinical data of all evaluable patients with in-transit metastases of melanoma on the lower extremity (n = 94) with melanoma patients without recurrence of disease (n = 288). In addition, based on conventional (n = 24) and three-dimensional photography (n = 22), we defined the specific distribution patterns of the in-transit metastases on the lower extremity.

Results: Using a multivariate analysis we identified nodular melanoma, tumor thickness, and ulceration as independent risk factors to develop in-transit metastases ITM (n = 94). In patients with melanoma on the lower leg (n = 31), in-transit metastases preferentially developed along anatomically predefined lymphatic pathways. In contrast when analyzing in-transit metastases of melanoma on the foot (n = 15) no clear pattern could be visualized. In addition, no difference in distance between in-transit metastases and primary melanoma on the foot compared to the lower leg was observed using three-dimensional photography (n = 22).

Conclusion: A risk-adapted follow-up of melanoma patients to detect in-transit metastases can be applied by knowledge of the specific lymphatic drainage of the lower extremity. Our current analysis suggests a more complex lymphatic drainage of the foot.

KEYWORDS
melanoma, in-transit metastasis, lower extremity, lymphatic pathways, 3D photography


Introduction

Cutaneous melanoma is characterized by a high risk of metastases occurring in close proximity to the primary melanoma, along the route to and in regional lymph nodes, and as distant metastases (1). Despite approved adjuvant treatment options for primary high-risk melanoma (2) and life-prolonging therapies in the stage of distant metastasis (3), melanoma remains a fatal disease.

In-transit metastases (ITM) are a special kind of recurrence in the skin, observed predominantly in melanoma and approximately develop in 7% of the melanoma patients (4). They occur in the anatomical region between primary melanoma and the corresponding regional lymph node basin. The clinical course of patients developing ITM varies considerably, ranging from solitary lesions with prolonged relapse-free intervals up to subsequent, rapidly progressing systemic disease (1). ITM can be palpable and visible and therefore represent a significant psychological burden for patients (5). Apart from the proposed spreading along the draining lymphatic vessels, the biology of ITM formation is not fully understood and there is currently no way to identify patients at risk of developing ITM. Commonly known risk factors of melanoma including tumor thickness and ulceration of the primary melanoma also apply to patients who develop ITM. Patients with ITM at the leg have a better prognosis than those with ITM at other body sites (6). This may be related to the long lymphatic pathways of the lower extremity defined by a Japanese research group (7) in cadavers. Therefore, the area along defined lymphatic pathways where ITM occur would be predetermined based on the location of the primary melanoma.

In dermatology, different imaging modalities such as digital photography, dermoscopy, sonography, optical coherence tomography, and confocal microscopy are applied to document solitary skin lesions (8). Most of these modalities, currently predominantly applied in dermato-oncology (9) require specialized training, expensive equipment and are time consuming for the patients and medical staff (10). However, in order to image the total body, complex and standardized realignments of the camera or the patient are required. Since skin areas are distorted if they are not photographed at a vertical angle, they can only be assessed to a limited extent in conventional photography. Semiautomatic and image-processing 3D photography systems offer a patient- and user-friendly handling of total body photography (11), on which changes such as cutaneous melanoma metastases can be traced precisely using assisting image processing tools (12). These applications enable objective automated nevi count in patients with numerous pigmented lesions (13). Standardized total body 3D photography images provide a solid prerequisite for machine-based learning algorithms in dermatology (14) as demonstrated in detection and analysis of cherry angioma (15). 3D photography and customized image processing tools are applied for various dermatologic conditions: Area of vitiligo lesions was calculated accurately by manual multipoint polygon region annotation utilizing an area measurement application (16). Decrease in volume of infantile hemangioma during propranolol treatment was calculated using a portable 3D photography unit and software provided by the manufacturer (17). Wound characteristics such as area, perimeter, and volume were reliably determined by a prototype 3D-wound assessment monitor camera and for this purpose applied software (18). Facial asymmetry caused by morphea could be more properly rated by 3D stereophotogrammetry compared to 2D photography (19). Assessment of successful labial augmentation by filler injection was demonstrated using a 3D imaging system and a facial measurement and analysis tool (20). Thus, 3D images have so far been analyzed mainly by means of the software provided by the manufacturer of the camera systems. In the future, these high-resolution, standardized images, together with rapidly advancing machine learning in dermatology (21, 22), may offer great possibilities in diagnostics and management of skin diseases.

In the current work, we identified patients with ITM and melanoma of the lower extremities. To demonstrate the in vivo spread of tumor cells resulting in ITM along defined lymphatic pathways, standardized templates were created with annotated primary melanomas, ITM, and associated lymphatic pathways in a subset of 46 patients with available conventional and 3D photographic images.



Materials and methods


Patients

This monocentric, retrospective study analyzed 382 patients (female 263, male 119) with cutaneous melanoma of the lower extremity. The study was conducted in compliance with Good Clinical Practice (GCP) rules and the Declaration of Helsinki. Ethical review and approval were waived for this study due to its retrospective character and the analysis of standard patient data raised in the context of regular treatment visits. Patients signed an informed consent form for treatment at our center and for the photo documentation in the context of regular treatment. All patients underwent standard treatment and follow-up at the Department of Dermatology of the Uniklinikum Erlangen, Germany, between October 2000 and July 2020. We identified patients in our institutional database followed by individual file review from the electronic patient records in the clinical documentation system Soarian® (Cerner, Health Services, Berlin, Germany). A dermatologist diagnosed ITM during clinical skin examination either at the time of primary melanoma diagnosis or during regular oncologic follow-up. Data were obtained for each patient, including gender, age at diagnosis of primary melanoma, histologic subtype (superficial spreading melanoma, nodular melanoma, acral lentiginous melanoma, melanoma not otherwise specified, or melanoma with unknown primary), mean Breslow tumor thickness (mm), ulceration (present, absent, or unknown), and localization of primary melanoma (foot, lower leg, or thigh). Additionally, we analyzed the number of detectable ITM (1–5, 6–10, 11–20, more than 20 or unknown), mean time between primary diagnosis of melanoma and first ITM (in months), and availability of clinical images (no images, conventional photography, or 3D photography).



Image acquisition


Conventional photography

Images of patients were generated during follow-up at the Department of Dermatology, Uniklinikum Erlangen, Germany, by digital 2D single-lens reflex cameras (Canon EOS-ID Mark III or Canon EOS-ID Mark IV, Canon Germany GmbH, Krefeld). In the majority of the patients, primary melanoma as well as ITM had already been resected. Therefore, the location of prior melanoma lesions on clinical images by residual scars were identified and cross-referenced with the patients’ clinical file.




3D total body photography

Patients were imaged by a VECTRA 360WB medical photography platform system (VECTRA 360WB, Canfield Scientific, Parsippany, NJ, USA) available at our center since 2019 consisting of two concentrically orientated frameworks with a total of 92 high-resolution digital cameras that captured 92 standardized polarized images of the patient simultaneously. During image acquisition, undressed patients stood in a defined pose at a standardized position inside the imaging unit. The integrated Dermagraphix software (VECTRA-Software VAM Version 2.7.6, Canfield Scientific, Parsippany, NJ, USA) subsequently processed single images into a 3D body avatar, which covered up to 90% of the patient‘s body surface (11). Thus, a millimeter precise anatomical mapping of present lesions and scars was generated for each patient. The distance between primary melanoma and ITM was calculated via the skin surface distance-measuring tool of the Dermagraphix program.



Generation of a reference template of the leg

As a first step, a reference template of the leg was created in order to compare ITM spreading pathways of the lower extremity in our patients. Contours from defined angles (lateral, medial, ventral, and dorsal) of the reference leg were delineated from an original 3D image using GIMP (GNU image manipulation program, version 2.10.20). Additionally, we integrated bone benchmarks and segmented colored lymphatic drainage areas as described previously (7): posterolateral (red), posteromedial (yellow), anterolateral (green), and anteromedial (blue—including the toes).



Identification of melanoma lesions and transfer onto the leg template

Evaluable melanoma lesions or scars of primary melanoma and ITM were identified in 46 patients with melanoma on the lower leg or foot and cross-referenced with clinical data, previous photographic images, histologic results, and operation reports. In addition, we contacted patients in order to pinpoint the localization on conventional or 3D images. In annotated and standardized 3D images, these lesions were extracted by an affine transformation scheme consisting of 6 degrees of freedom (x, y, z, 3x rotation) and transformed back into our two-dimensional reference templates. In order to compensate individual anatomical difference between patients, images were standardized with fixed points of interest using bone benchmarks such as the patella, medial as well as lateral ankle, and toes via Paint-3D (Microsoft Corporation, Version 6.2004.20027.0). Conventional photographic images of melanoma lesions and scars on the leg of patients with ITM were retrieved from our photographic archive. We annotated melanoma lesions accordingly and transferred these onto the four reference templates using the software program Paint-3D (Paint-3D, Microsoft Cooperation, 6.2004.20027.0). For patients with melanoma of the right leg, annotated images were mirrored, so that a left leg was always depicted in the following analysis.



Statistical analysis

Our objective was to evaluate conventional or three-dimensional photography as a tool to analyze in-transit metastasis pattern of melanoma of the lower extremity. In addition, we assessed risk factors for the development of in-transit metastases in cutaneous melanoma. Specifically, data were analyzed using SPSS (SPSS, Version 24.0, IBM Deutschland GmbH, Ehingen). Clinical characteristics of patients with melanoma of the lower extremity with (n = 94) or without ITM (n = 288) were compared in order to determine specific risk factors to develop ITM. The chi-square test was applied for mutually exclusive categorical variables (i.e., gender of the patient, histological subtype, ulceration, and localization of the primary melanoma). Continuous variables (i.e., age of patient, Breslow tumor thickness, and the interval between primary melanoma and the occurrence of the first ITM) were analyzed using the Mann–Whitney U test between two independent patient groups (patients with melanoma on the leg without ITM versus patients with melanoma of the lower leg with ITM). Multivariate logistic regression analysis of categorical as well as continuous variables was applied to factors with a significance in the univariate analysis to assess the interaction of potentially predictive factors for the development of ITM of the lower extremity. In order to analyze differences between fully (n = 25), partially (n = 8), or non-matched (n = 15) metastatic patterns of ITM between the lower leg (n = 31) and the foot (n = 15) we applied the Mann–Whitney U test of ordinally scaled variables in the two independent sample groups (melanoma on the leg versus melanoma on the foot). In all tests, a p-value < 0.05 was considered significant.




Results


Clinical risk factors of all patients with in-transit metastases on the lower extremity

Demographic and clinical characteristics were compared between 288 patients with melanoma on the lower extremity without ITM and 94 patients with melanoma on the lower extremity with ITM. Patients with ITM were significantly older and the primary melanoma was significantly more often a nodular or acral lentiginous subtype, had a greater tumor thickness, showed more commonly ulceration, and was located more distally compared to patients without ITM (p < 0.001) (Table 1). In a multivariate logistic regression analysis (Table 2) tumor thickness, ulceration, and nodular melanoma remained risk factors for development of ITM. Independent of the presence of ITM, in our cohort melanoma on the lower extremity was more common in women. In the 94 patients, the number of ITM ranged from a single lesion to more than 20 lesions. The time between diagnosis of primary melanoma and of ITM ranged from simultaneous detection to more than 20 years (Table 1).


TABLE 1    General patient characteristics.

[image: Table 1]


TABLE 2    Multivariate logistic regression analysis of risk factors for in-transit metastases of melanoma of the lower extremity.
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Analysis of metastatic distribution pattern of in-transit metastases along lymphatic drainage pathways in 46 patients with evaluable conventional and three-dimensional photography

A total of 46 patients with melanoma of the lower leg (n = 31) or the foot (n = 15) and evaluable conventional (n = 24) or 3D-photography (n = 22) could be identified in our photo database (Figure 1, blue boxes) to correlate individual localization of ITM with previously reported anatomic lymphatic drainage pathways of the lower leg (7). Clinical data of these patients are summarized in Table 3. The anatomical distribution of all primary melanomas on the lower extremity and foot is shown in Figure 2A. We detected a strong correlation to known lymphatic vessels (full match) between primary melanoma of the lower leg (n = 31) and corresponding ITM (representative examples in Figure 2B) along the anteromedial (blue) or the anterolateral (green) lymphatic draining pathway in 22 of 31 patients (71%) (Table 4). A partial match was demonstrated in two patients (6%). In seven patients (23%), no association between the localization of primary melanoma and ITM could be detected. In melanoma of the foot (n = 15), a full and partial match between primary melanoma and ITM along the lymphatic pathways was present in only three patients (20%) and six patients (40%), respectively (representative examples in Figure 2C and Table 4). No congruence was detected in six patients (40%).


[image: image]

FIGURE 1
Overview of melanoma patients with in-transit metastases (n = 94) of the lower extremity. Definition of patients with available images taken by conventional or three-dimensional (3D) photography of the upper leg, lower leg, and foot.



TABLE 3    Patients with melanoma of the lower leg and foot with analyzed in-transit metastases patterns.
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FIGURE 2
Distribution of primary melanoma and in-transit metastases localized to the lower leg and foot. (A) Lateral, medial, anterior, and dorsal projection of primary melanoma (black) of 58 patients based on photographic images and mapping to distinct anatomic lymphatic drainages regions of leg: posteromedial (yellow), anteromedial (blue), anterolateral (green), and posterolateral (red). (B) Melanoma of the lower leg: three-dimensional (3D) image of a primary melanoma and corresponding in-transit metastases as well as the supposed lymphatic drainage (left image). Representative examples of individual patients with primary melanoma (black) on the lower leg with a full match of 8/8 (100%) of in-transit metastases (red) developing in the corresponding anteromedial lymphatic region (second image from the left) and metastases developing partially (8/14, 57%, second image from the right) or not predominantly within (2/10, 20%) the expected localization (right image). (C) Melanoma on the foot. Annotation of in-transit metastases (red) on a 3D photographic image (left image). Examples of representative individual patients with primary melanoma (black) and corresponding in-transit metastases (red) occurring fully, partially, or not (images second from the left, second from the right, and right) in the expected lymphatic drainage area.



TABLE 4    Classification of in-transit metastatic patterns defined by localization of primary melanoma.
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Absolute distance between primary melanoma and ITM measured via three-dimensional photography

Using 3D photography, the distance between primary melanoma and ITM along the skin surface could be measured in 27 patients (Figure 3A). Anatomically, the distance between primary melanoma and draining lymph nodes in the groin increases from the foot compared to the lower leg. Nevertheless, the mean, median, and range of distance between primary melanoma on the foot (27.8, 28.8, 1.8–67.4 cm) or lower leg (32.5, 30.9, and 1.6–71.2 cm) and corresponding ITM showed no significant difference in our cohort (Figure 3B).


[image: image]

FIGURE 3
Distance measurement of primary melanoma and in-transit metastases on three-dimensional (3D) photography. (A) Example demonstrating measurement of the distance (yellow line) along the skin surface between primary melanoma (black) and an in-transit metastasis (red). (B) No significant difference between melanoma of the foot compared to the lower leg is detectable concerning mean, median, and range of distances between melanoma and corresponding in-transit metastases.





Discussion

In-transit metastases develop along the way between the primary melanoma and the draining nodal basin and are a poor prognostic sign (6). Currently, the etiology of ITM is not fully understood. In the present study, conventional and 3D photography were used to chart and analyze the metastatic distribution of ITM of primary cutaneous melanoma of the lower extremity for the first time with regard to anatomically determined lymphatic drainage pathways (7) in a subset of 46 patients.

In general, about 4 to 10% of melanoma patients develop ITM (6, 23). The high rate of ITM (33%) in our clinical patient collective of 382 patients might be explained by the fact that it was limited to melanoma of the lower extremity, where ITM more often occur compared to other body sites (6). Additionally, patients with advanced or metastatic melanoma are more likely referred to a university skin cancer center, resulting in a high number of patients with ITM in our analysis.

Our clinical cohort of 94 patients with ITM complements reports that comprised 54 (24), 380 (25), and 505 patients (6) with satellite metastases and ITM. While in our study only patients with melanoma of the lower extremity were included, this subgroup makes 40–60% of the comparable collectives in the literature. In particular, the different biology and prognosis of acral lentiginous melanoma (26) represent a possible confounder. The median tumor thickness of 2.9 mm and ulceration status of 46% in our patient cohort were comparable with other studies reporting a median tumor thickness of 3 mm and the presence of ulceration in 28–39% of the patients (6, 24). Tumor subtypes and further localization on the thigh, lower leg, or foot could not be compared because they were not stated separately for the lower extremity (6) or were not reported at all (24, 25). With regard to patient characteristics, the male-to-female ratio ranged from 1:2 in our study to 2:1 in the literature (6). This different distribution may be influenced by differences in the country-specific risk of sun exposure and behavior between Europe and Australia (27). The median age of patients was 65–75 years and confirms that ITM occur at an older age, but could not be exactly compared due to different timing at data collection (primary melanoma diagnosis or start of systemic therapy). In our study, the median interval until occurrence of ITM was 19 months, which is in line with 17.9 months stated in the literature (6). The number of ITM per patient has not been reported in the literature. The gender distribution in our patients with melanoma on the lower extremity was independent of the occurrence of ITM. Our data confirm negative prognostic factors in melanoma (1, 28) in patients with ITM compared to patients without recurrence such as tumor thickness, ulceration status, and nodular melanoma.

In a subset of 46 patients with evaluable conventional and 3D photography, the localization of melanoma lesions was systematically correlated to anatomically determined lymphatic drainage pathways (7). Our results show that the localization of primary melanoma on the lower leg indicates areas at risk which should be examined more closely during follow-up. In contrast, a full match between ITM and lymphatic drainage was present in only 20% of the patients with melanoma of the foot. This discrepancy may be caused by altered lymphatic drainage pathways due to surgery of the toes and sole of the foot. The fact that 9 of our 46 analyzed patients developed ITM distally of the primary melanoma indicates a significant surgical alteration of the lymphatic vessels including the draining nodal basin by prior sentinel node biopsy or lymphadenectomy.

Interestingly, one patient with amputation of the three toes due to melanoma developed ITM along both the anteromedial and the anterolateral lymphatic bundles. This may further support postoperative lymphatic alteration but could also indicate a yet unstudied differential lymphatic drainage of the toes and the plantar region. It is of interest that in order to identify anatomic lymphatic pathways, contrast injections were exclusively applied to the outer and inner edges of the foot as well as the interdigital spaces in a previous study (7).

As discussed by Shinaoka et al. (7), the results of the anatomic/radiologic study may not be fully applicable to the in vivo situation (such as the development of ITM analyzed in this work) as the study was performed on cadavers with contrast injection into the foot followed by manual lymphatic drainage. In contrast, in vivo lymphatic fluid is transported by means of metabolically active muscle contraction in conduit and transport vessels.

To our knowledge, this is the first report to apply 3D photography to determine precise distances along the lymphatic pathways that melanoma cells must have traveled between primary melanoma and corresponding ITM. Since the distances between two lesions were calculated on a 3D leg model on the skin surface and the angles of the joints were taken into account, this almost exactly corresponds to the lymphatic pathways running in the upper corium. Although lymphatic pathways from the foot to the draining inguinal lymph node are anatomically longer than those from the lower leg, the distances between primary melanoma and associated ITM did not differ significantly in our cohort. Whether this is a biological, mechanical, or lymphogenic characteristic of melanoma of the foot, in which ITM develops with preferentially on the lower leg and thigh, cannot be answered by this study due to the insufficient number of patients examined by 3D photography (n = 22). In order to assess the significance for diagnostics and therapy, further investigations of ITM should also be performed including the trunk, the heck, and head.

Our study demonstrates for the first time the biological relevance of anatomically described lymphatic drainage pathways using ITM in melanoma of the lower extremity as a model. However, the limitations of our work must be considered before this knowledge can be applied for example to assess risk areas for ITM: (i) In our clinical collective we could only identify 94 patients with ITM of the leg in our center within a 20-year time frame, (ii) the analysis of ITM along lymphatic vessels was limited to melanoma of the lower leg and foot as only in the distal lower extremity lymphatic drainage patterns have been systematically investigated, (iii) evaluable photo documentation to analyze the lymphatic drainage patterns of melanoma of the lower leg and foot was only available in 46 patients, (iv) analysis of conventional, non-standardized photographs proved to be particularly difficult and possibly error-prone compared to 3D total body photography (in use in our department since 2019), (v) the localization of melanoma lesions was determined almost exclusively based on the presence of scars and comparison of the patients’ medical records. Especially for primary melanomas excised with a safety margin (sometimes toe amputation), the localization of melanoma lesions had to be extrapolated in the middle of the scar, (vi) changes in the physiologic lymphatic drainage pathways due to surgery around primary melanomas, ITM, and lymphadenectomy may have occurred in all patients, and (vii) due to methodological reasons, the anatomical study did not examine toe and plantar drainage, which remain not well defined. Therefore, the poor correlation observed between ITM and primary melanoma at the foot in our cohort suggests a critical re-evaluation with regard to lymphatic drainage pathways of the toes and the plantar region.

In summary, our results demonstrate the in vivo relevance of anatomic lymphatic pathways in ITM formation in 46 evaluable patients with melanoma of the leg. Together with clinical risk factors that we have confirmed, this knowledge may be used for a better risk assessment in the follow-up of melanoma patients and to develop a model for ITM in melanoma of the leg in the future.
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Scabies is a common skin disorder, caused by the ectoparasite Sarcoptes scabiei. The scabies mites burrow is highly diagnostic but illegible by the naked eye, because it is tiny and may completely be obscured by scratch and crust. The classic technique is opening the end of an intact mite burrow with a sharp instrument and inspecting its contents in the light microscope under loupe vision. Dermatoscope is a new method to diagnose scabies, with the advantages of non-invasive and more sensitive. This study verified the characteristic manifestations of scabies under dermoscopy. Under the closer examination of the curvilinear scaly burrow, the scabies mite itself may be seen as a dark equilateral triangular structure, which is often referred to as a “jet with contrail.” Besides, this study found that the positive detection rate of microscopic characteristic manifestations under the dermoscopy ordered by the external genitals, the finger seams and the trunk, which were statistically different (P-value < 0.05). Of note, this is the first study to explore the regional distribution of the characteristic dermoscopic manifestations of scabies. We are the first to propose to focus on examining the external genitalia and finger seams with dermoscopy.

KEYWORDS
scabies, mite, dermatoscope, children, manifestations


Introduction

Scabies is a parasitic infestation of the skin caused by the mite Sarcoptes scabiei. Clinically, it is characterized by erythematous papules or vesicles. The typical distribution of skin lesions includes finger seams, the wrists, armpits, groins, buttocks, genitals and the breasts in women. In infants and young children, the palms, soles, and head are also commonly involved, which is rare in adults (1). Pruritus is the predominant hallmark of scabies regardless of age (2). Patients mainly complain the itchy rash worsening at night, which seriously disturbs sleep and affects the quality of life (3). Besides, the disease also causes high psychosocial and economic burden (4).

Burrows are formed as the adult female scabies mites excavate their way through the epidermis (5). The burrow is highly diagnostic. However, they are often unidentifiable by the naked eye, because scratch, crust and eczematization may completely obscure primary lesions (6). The only proof of the diagnosis of scabies is demonstration of scabies mite, its eggs or feces pellets (7). There are a variety of methods to diagnose scabies, but no one is both convenient and reliable. Therefore, the diagnosis of scabies is currently challenging and often delayed.

Dermatoscope is one of the new methods to diagnose scabies (8). As we know, dermatoscope allows better visualization on skin lesions, with the advantages of non-invasive, real-time observation and more sensitive mode of evaluation. There are few studies on dermoscopy in scabies, let alone children scabies. The current literatures mainly consist of case reports (9). In this article, we aim to analyze the dermoscopic features of children scabies.



Materials and methods


Patients selection and data collection

We performed a retrospective analysis of children patients with clinical scabies or suspected scabies in department of dermatology, Wuhan Children’s Hospital (Wuhan Maternal and Child Healthcare Hospital), from August 2020 to October 2022. All the included patients met the 2018 The International Alliance for the Control of Scabies (IACS) criteria for the diagnosis of scabies (10). The definition of the clinical scabies and suspected scabies was shown in Table 1. Those who had papular urticaria, atopic dermatitis, lichen planus, dermatitis herpetiformis, and infantile acropustulosis were excluded. The data of enrolled patients were collected by electronic medical records system, including demographic information, medical history, clinical symptoms and signs.


TABLE 1    Summary of the 2018 IACS criteria for the diagnosis of scabies.

[image: Table 1]



Dermoscopy

The CBS dermoscopy detection system was used to scan the clinically suspicious skin lesions of the patients, including the finger seams, armpits, trunk, buttocks and genitalia, etc. The 50× lens was used to move back and forth on all clinical prone sites one by one. All dermoscopic pictures were saved from the computer after examination.

The most arresting feature of scabies under dermoscopy was the burrow. Dermoscopy began with looking for the scabies burrow, which was the movement path of the scabies mite in the stratum corneum of the patients. The burrow entrance was usually where the scales was visible (the start of the sarcoptic curve), and the end of the burrow was usually where the blister was located (the end of the curve).

Under the closer examination of the curvilinear scaly burrow, the scabies mite itself was usually located at the end of the burrow a few millimeters in front of the small blister. The end of the burrow was wiped with an alcohol cotton swab. Through the cuticles, the mite itself was seen at the end of the burrow as a dark equilateral triangular structure, corresponding to the pigmented head and anterior legs of the scabies mite. The burrow and the dark triangular structure were often referred to as a “jet with contrail” (11). Because the scabies mite was white and difficult to find, the target of dermoscopic observation was mainly the burrow and dark triangular structure.



Statistical analysis

Continuous variables were displayed as means and standard deviation (SD). Categorical variables were expressed as frequency counts and percentages, and chi-square was used to evaluate the differences between groups. All statistics were analysed by using the SPSS 22.0 software, and P-value < 0.05 was selected as the threshold of statistical significance.




Results


Demographic features

We collected a total of 56 cases with clinical scabies and suspected scabies. All of them received dermoscopy examination. Among them, 34 patients were male, accounting for 60.7%, and 22 patients were female, accounting for 39.3%. The eldest patient was 16 years old and the youngest patient was an 8-month-old infant. Their mean (SD) age was 6.14 ± 4.07 years old.



The characteristic dermoscopic manifestations of scabies

In total, 50 patients presented the typical “jet with contrail” under dermoscopy. Those 50 cases were confirmed scabies. The burrow and dark triangular structure were shown on Figure 1. Even more, multiple burrows and dark triangular structure were seen in one dermoscopic image (Figure 2).


[image: image]

FIGURE 1
Panels (A–C) were clinical images. At the end of the curvilinear scaly burrow, the mite itself was seen as a dark triangular structure (black arrow) under dermoscope. Panel (D) was the dermoscopic image of trunk. Panel (E) was the dermoscopic image of external genital. Panel (F) was the dermoscopic image of finger seam.



[image: image]

FIGURE 2
Multiple burrows were seen in one dermoscopic image.




The regional distribution of the characteristic dermoscopic manifestations of scabies

Due to the small amounts, in this study, the neck, chest wall, abdomen, back, armpits and buttocks were all divided into the trunk. Only 6 patients could be found that the burrow and the dark triangular structure were on the trunk, versus 41 on the finger seams and 45 on the external genitals, relatively. The detection rates of characteristic dermoscopic manifestations of the finger seams and the external genitals were statistically significant compared with those of the trunk (all P-value < 0.05). The regional distribution of the characteristic dermoscopic manifestations of confirmed scabies was shown in Table 2.


TABLE 2    The regional distribution of the characteristic dermoscopic manifestations of 50 confirmed scabies patients.

[image: Table 2]



The non-characteristic dermoscopic manifestations of scabies

The non-specific dermoscopic manifestations of scabies were mainly secondary skin lesions caused by pruritus and local eczema changes, such as erythema overlying scales, pustules, erosion, exudation, scratches, blood callus, pigmentation, and vascular changes. They were shown in Figure 3.


[image: image]

FIGURE 3
The non-specific dermoscopic manifestations of scabies. Panel (A) was erythema overlying scales. Panel (B) was pustule. The burrow and dark triangular structure were seen around the edge of pustule. Panel (C) was erosion and exudation. Panel (D) was scratches and blood callus. Panel (E) was pigmentation. Panel (F) was vascular changes. Punctate and globular vessels were focally distributed.





Discussion

Scabies can be both one of the easiest and one of the most difficult conditions to diagnose (6). The parasitological confirmation of the scabies mite forms the gold standard for diagnosis, including of the mite, its eggs or feces. The classic skin scrapings is by opening the end of an intact mite burrow with a sharp instrument and inspecting its contents in the light microscope under loupe vision. This test is poorly tolerated in children because of the pain and repeated tests from different sites may be needed (12). Adhesive tape test and burrow ink test (BIT) are painless and simple, but its sensitivity is low (13, 14). Reflectance confocal microscopy (RCM) and optical coherence tomography (OCT) are new non-invasive technique. They enable visualization of burrows, mite, larvae, eggs and fecal material (15, 16). The limitation of RCM and OCT is non-availability and expensive equipment. Histopathological examination can also allow visualization of burrows, female mite, eggs containing larvae, eggshells and fecal deposits (scyballa) (17). Nevertheless, skin biopsy is both time consuming and expensive.

Dermoscopy can be used to confirm the diagnosis of scabies in both adults and children, according to the IACS criteria (10). Nowadays, the “jet with contrail” was considered pathognomonic for scabies, regardless of the patient’s age, the location of the lesion, type and duration of the infect ion (18). Even if only one skin lesion on the whole body presented this typical dermoscopic manifestation, it was sufficient to confirm the diagnosis of scabies.

In this study, 56 patients received dermoscopy examination and 50 patients were confirmed the diagnosis of scabies by the characteristic “jet with contrail.” The sensitivity of dermatoscopic diagnosis of scabies was 89.3%, which was similar to what the literature has reported (19). There were six patients without characteristic dermoscopic features of the lesions throughout the body. The reason may be that erosion, scratches and blood callus covered and obscured primary lesions. Those six patients can be diagnosed with clinical scabies on account of the positive response to empiric treatment.

Because pruritus is so constant and violent in scabies, the scratching may catch viable mites, which can survive under the nails and then colonize the skin starting from around the nail going proximally (20). Scabies mites are more readily to crawling in areas where the epidermis is thin and tender. This may be the reason why skin lesions tend to occur between the finger seams, the wrists, armpits, groins, buttocks, and genitals.

This study found that the positive detection rate of microscopic structures under the dermoscopy ordered by the external genitals, the finger seams and the trunk, which were statistically different (P-value < 0.05). Its high detection rate may stem from the fact that the epidermis thickness of finger seams and external genitals was thinner and the transmission of light was better. Therefore, skin can easily expose the scabies mite. In addition, genital area was more private with less scratching, resulting in less damagement of the primary skin lesions, so the burrows were more unbroken.

It suggests that when we use dermoscopy in clinical examination of patients suspected of scabies, we should focus on observing the skin lesions of external genitalia and finger seams, which increased the credibility of dermoscopy and avoid missed diagnosis. Of note, this is the first study to explore the regional distribution of the characteristic dermoscopic manifestations of scabies. We are the first to propose to focus on examining the external genitalia and finger seams with dermoscopy in the diagnosis of scabies, which has great guiding value for clinical practice.

This study revealed the characteristic manifestations of scabies under dermoscopy. It clearly showed the parasitic state of scabies, and had a more intuitive understanding of scabies. Dermoscopy can effectively decrease the misdiagnosis rate of clinical physicians. Besides, this study showed the non-characteristic manifestations under dermoscopy, which was neglected in the past studies. The significance of non-specific structures was to indicate the complicated infection and allergic status of different patients, and to indicate the skin barrier damage of different degrees in scabies patients (21).

This study has limitations due to its retrospective design. And the relatively small size of sample is another limitation of our study. We look forward to multi-center, large sample prospective studies to enhance the confidence of the results. Furthermore, the limitations of dermoscopy are that eggs or fecal material are not visible (8). It can be challenging in hair-bearing areas and awkward to perform in genital or other sensitive areas. Besides, the device needs to be carefully disinfected because mites can survive in the environment up to 72 h (22).
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To improve the care of patients with chronic inflammatory skin conditions, such as psoriasis, there is a need for diagnostic methods that can facilitate personalized medicine. This exploratory pilot study aimed to determine whether non-invasive measurements of inflammation-related proteins from psoriatic skin can be sampled using the FibroTx Transdermal Analysis Patch (TAP) to assess disease severity and monitor pharmacodynamic changes. Ten healthy volunteers and 44 psoriasis vulgaris patients were enrolled in the exploratory pilot study. Skin surface protein measurements for healthy and lesional skin were performed using TAP. Patients’ scores of psoriasis activity and severity (PASI) were documented, and differences in the thickness of skin layers were determined using sonography. The study assessed the skin surface protein levels of psoriasis patients undergoing whole-body treatment with narrow-band UVB to evaluate whether the levels of the skin surface proteins IL-1α, IL-1RA CXCL-1/2, and hBD-1 were associated with the disease activity and severity measurements. Using TAP technology, it was observed that there were clear differences in levels of IL-1α, IL-1RA, CXCL-1/2, and hBD-1 between psoriasis lesional and non-lesional skin. In addition, a positive correlation between CXCL-1/2 and desquamation, and between CXCL-1/2 and SLEB thickness was observed. During UVB treatment, the TAP measurements revealed a clear reduction of IL-1RA, CXCL 1/2, and hBD-1 on lesional skin. Further, skin surface measurements of IL-1RA and CXCL-1/2 displayed a different profile than those achieved by visual scoring of local inflammation, thus indicating that measuring the ‘molecular root’ of inflammation appears to have value as an objective, non-invasive biomarker measurement for scoring disease severity.

KEYWORDS
 biomarker, transdermal analysis patch, psoriasis, inflammation, dermatology, skin care diagnostics, treatment monitoring


Introduction

Psoriasis is a chronic relapsing immune inflammatory dermatosis with different clinical manifestations that affects 1–3% of the world population (1, 2). Psoriasis vulgaris (PV) is the most common variant of psoriasis and is characterized by erythematous scaly plaques of the skin. It is caused by the interplay between immune cells, keratinocytes, and other skin-resident cells, mediated by adaptive and innate immune system components causing a hyperproliferation of keratinocytes and chronic inflammation in affected skin (2–6). Psoriasis patients often develop additional systemic comorbidities, such as arthritis, metabolic syndrome, diabetes, cardiovascular risk, and depression (7–9). Clinical evaluation of psoriasis is mainly performed visually using the Psoriasis Area Severity Index (PASI), a clinical score based on the assessment of the percentage of skin affected and severity of the skin erythema, induration, and desquamation (10). The PASI score allows monitoring of changes in affected skin areas over time, which may either reflect the progression, relapse, or improvement of the disease. However, several limitations of PASI have been addressed, such as not correlating the clinical extent of the disease with quality of life (11, 12) and that the PASI lacks sensitivity, as erythema, desquamation, and induration are scored with equal weight within each of the four body regions (13).

Treatment of PV depends on the severity and areas affected in patients - treatment options range from local ointments for mild psoriasis, to more harsh therapies for moderate and severe psoriasis, such as phototherapy [e.g., ultraviolet B (UVB)], photochemotherapy [e.g., psoralen ultraviolet A (PUVA)], systemic treatment with conventional agents [e.g., methotrexate, cyclosporine, and acitretin] or biological treatment [e.g., anti-tumor necrosis factor (anti–TNF-α) and interleukin inhibitors (anti-IL17, anti-IL-12/23, and anti-IL23)], where there are risks for developing side effects, such as infections (biologic therapies), or an increased risk for skin cancer (PUVA, phototherapy) (14–18). Therapeutic efficacy, defined as a diminishment in psoriasis clinical scores, does not occur instantly, and patients may not respond to therapy at all.

To improve psoriasis care, diagnostic and monitoring methods are needed that can facilitate personalized medicine. Proteins, such as interleukins, chemokines, cell surface receptors, growth factors, and anti-microbial peptides drive the biological processes underlying clinical hallmarks of psoriatic skin. We hypothesize that this psoriasis ‘molecular footprint’ may be very suitable for developing methods of detection and diagnosis of the disease, monitoring psoriasis progression, as well as measuring response to treatment.

Although skin biopsy remains one of the widely reported approaches for skin protein analyses from diseased skin (19, 20), less invasive alternatives have emerged in dermatological practice. Repetitive tape stripping has been considered a benchmark for minimally invasive methods of skin protein sampling (20–22). Further, other non-invasive methods for biomarker detection and profiling from the skin involve skin lavage (23), reverse iontophoresis (24), optical imaging (25), and a micro disk-library array patch method has also been described (26).

We have previously introduced a non-invasive method to measure soluble biomarkers directly from the skin (27). The FibroTx Transdermal Application Patch (TAP) consists of an adhesive bandage that contains a nitrocellulose insert on which specific antibodies have been printed for capturing proteins directly from the skin surface. TAP has shown the potential of detecting soluble skin surface biomarkers on healthy and irritated skin (27, 28). Further, using TAP, biomarkers on psoriatic lesions of pediatric patients receiving topical- and systemic treatment were determined without discomfort (29, 30).

The objectives of the present pilot study were to assess whether expression patterns of inflammatory proteins, IL-1α, IL-1RA, CXCL-1/2, and hBD-1, known to be involved in psoriasis, could be measured from the skin surface of adult psoriasis patients using the FibroTx TAP technology, whether the measurements correlated with the disease severity and further, to explore whether these skin surface proteins could be used to measure pharmacodynamic effects of psoriasis treatment.



Materials and methods


Study participants

The study was an explorative observational non-invasive study performed at the Dermatology Clinic of Tartu University Hospital in Estonia between 2015–2016, under the approval of Tallinn Medical Research Ethical (Decision No. 2551). Patients with moderate to severe PV visiting a dermatologist at Tartu University Hospital Dermatology clinic were included in the study. Patients included in the study had not received any systemic form of medical treatment and any kind of phototherapies for at least 4 weeks prior to the study and had not received any topical form of medical treatment for at least 2 weeks prior to the study. Pregnant or breastfeeding women and volunteers with a history of other skin diseases were excluded from participation. Healthy volunteers with no positive family history of psoriasis and other chronic dermatoses were serving as a control group. All participants signed informed consent prior to the study. Detailed information regarding participants is shown in Supplementary Tables S1–S3.



Measurements of transdermal analysis patch, skin disease severity scores, and sonography

At first, 10 healthy adult volunteers and 30 adult patients with PV were enrolled in the study to determine the differences in skin surface biomarkers. TAP-captured antibody micro-arrays coated with anti-interleukin one alpha (IL-1α), anti-interleukin one receptor antagonist (IL-1RA), −anti-chemokine (C-X-C motif) ligand 1 and 2 (CXCL-1/2), and anti-human beta-defensin 1 (hBD-1) were applied onto the skin of healthy volunteers and on the non-lesional and lesional skin of psoriasis patients. TAP-captured antibody micro-arrays were incubated on the skin for 20 min. Captured IL-1α and IL-1RA, CXCL-1/2, and hBD-1 were visualized using spot-enzyme linked immunosorbent assay (ELISA), as previously described (27). In addition, PASI (the range of PASI scores is 0–72) and assessment for local scores for erythema, induration, and desquamation (0–4 scale) of lesional skin were performed for patients at the exact location of the TAP measurements. Determination of differences in the thickness of skin layers [epidermis, sub-epidermal low-echogenic band (SLEB), and dermis] between non-lesional and lesional skin of patients was carried out using DermaLab Combo from Cortex Technology according to the manufacturer’s instructions. Ultrasound imaging was conducted from the same skin area as the FibroTx TAP measurements, after TAP removal from non-lesional and lesional skin.



Narrow-band ultraviolet B treatment

Further, 14 adult PV patients were included for monitoring skin surface biomarkers and PASI index and local scores for erythema, inflammation, and scaling response to narrow-band UVB treatment in combination with calcipotriol/betamethasone dipropionate ointment (Dovobet®) daily. Narrow-band UVB treatment was performed all together during the 10 weeks, three times a week. For the current pilot study, biomarker measurements with FibroTx TAP were performed before the first treatment (served as baseline), after 2 weeks of treatment, and after 4 weeks of treatment. Measurements with FibroTx TAP were performed on the same position on the skin at each time-points. The PASI score was determined before and after 4 weeks of treatment. In parallel to TAP measurements, visual assessment for erythema, induration, and desquamation were performed at the exact location of TAP measurements.



Statistical analyses

All statistical tests were performed using the statistics program JASP (version 0.9.2 for macOS). For statistical analysis, the normality of the data was tested with the Shapiro–Wilk test. Statistical significance for related groups analysis was determined using matched paired Wilcoxon signed-rank test, and the Mann–Whitney non-parametrical test was applied for two unrelated groups. For correlation analysis, non-parametrical Spearman’s Rank correlation analysis was performed, and statistical significances were verified with probability value (p-value). Correlation coefficients were interpreted based on Cohen (31) to indicate weak (0.1), moderate (0.3), and strong (0.5) correlations. The level of statistical significance was set at 5% (p < 0.05).




Results


FibroTx transdermal analysis patch measurements revealed distinctive skin surface protein patterns between healthy and diseased skin

Skin surface levels of IL-1α, IL-1RA, CXCL-1/2, and hBD-1 detected on the skin of healthy volunteers appeared similar to the levels captured on the non-lesional skin of psoriasis patients (Figures 1A–D). However, notable differences were noticed in the amounts of IL-1α (3.14 vs. 0.98 ng/mL) and CXCL-1/2 (not detected vs. 0.06 ng/mL) when compared between healthy volunteers and lesional skin of psoriasis patients (p < 0.001 and p < 0.01, respectively). The trend of increase of anti-inflammatory IL-1RA and antimicrobial hBD-1 was detected on lesional skin when compared to the levels of these proteins captured on the skin surface of healthy volunteers, however, no statistical significance was observed. Comparing the levels of skin surface IL-1α, IL-1RA, CXCL-1/2, and hBD-1 captured from psoriasis patients’ lesional and non-lesional skin revealed statistically higher levels of IL-1RA (p < 0.001), CXCL-1/2 (p < 0.01), and hBD-1 (p < 0.05) on lesional skin (Figures 1A–D; Supplementary Figures S1A–D). However, notable lower levels of IL-1α were detected on psoriatic lesions when compared to the non-lesional skin of the same patients (p < 0.001).
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FIGURE 1
 (A) Measurements of IL-1α, IL-1RA, CXCL-1/2, and hBD-1 on lesional and non-lesional skin of psoriasis patients and normal skin of healthy volunteers using the FibroTx TAP. The apparent average biomarker concentrations of IL-1α IL-1RA, CXCL-1/2, and hBD-1 detected from the skin surface of 10 healthy volunteers (grey bars), on non-lesional skin (NL; white bars) and lesional skin (L; black bars) of 30 psoriasis patients have been plotted. Y-axis: Apparent concentration of analyzed biomarker on the skin in ng/mL. X-axis: sampling site. Error bars on graphs present the standard deviations from the average of combined measurements of the participants. Statistical significance is indicated on panels (A–D): *p < 0.05, **p < 0.01, *** p < 0.001; NS- not significant.


The inverse expression patterns of IL-1α and IL-1IL-1RA on lesional and non-lesional skin of psoriasis patients, as well as the biological link between IL-1α and IL-1RA (32), prompted us to analyze the molar ratio between IL-1α and IL-1RA on lesional and non-lesional skin of psoriasis patients. IL-1α and IL-1RA bind to the same receptor, the IL-1 receptor (IL-1R), as a pro-inflammatory agonist and an anti-inflammatory antagonist, respectively. Two forms of IL-1α exist, the immature form with an MW of 31 kDa, and the mature form of 18 kDa, which are both biologically active (33). Both isoforms were recognized by antibodies used for FibroTx TAP. IL-1RA was predominantly expressed as a 17.1 kDa protein (34). The analyses revealed that there was a clear molecular excess of IL-1α over IL-1RA on non-lesional skin of psoriasis patients and the skin of healthy volunteers, regardless of whether IL-1α was present in immature or in mature form or a combination thereof. Similarly, there was a clear excess of IL-1RA over IL-1α on the lesional skin of psoriasis patients regardless of the form of IL-1α (Supplementary Table S4).



Skin surface IL-1RA and CXCL-1/2 presented an association with edema-related sub-epidermal low-echogenic band

To determine whether differences in the molecular expression patterns of IL-1α, IL-1RA, CXCL-1/2, and hBD-1, between non-lesional and lesional skin sites of psoriasis patients associated with alterations in physical properties of skin layers, FibroTx TAP measurements of these four proteins were correlated with ultrasound measurements. First, a clear and statistically significant thickening of the epidermis (p < 0.001), SLEB (p < 0.001), and dermis (p < 0.001) was measured in lesional skin of psoriasis patients in comparison with non-lesional skin from the same patients (Figures 2A–D).
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FIGURE 2
 Comparison of sonography data of non-lesional and lesional skin of psoriasis patients. A representative image of the thickness of the epidermis, SLEB, and dermis in non-lesional (panel A) and lesional skin (panel B) of a psoriasis patient measured by ultrasound. 20-MHz ultrasound image of the non-lesional (panel A) and lesional skin area (panel B) of the same psoriasis patient is presented. The positions of the epidermis, SLEB, and dermis are indicated in the image. The apparent average epidermal thickness (panel C), SLEB thickness (panel D), and dermis thickness (panel E) analyzed from non-lesional skin (NL; white bars) and lesional skin (L; black bars) have been blotted. The ultrasound measurements are performed at the exact lesion and healthy apparent skin of the psoriasis patient where the FibroTx TAP measurements were performed and local clinical scores by the physician were stated. Y-axis: Average thickness of the epidermis, SLEB, and dermis, respectively, in μm. X-axis: sampling site. Error bars on graphs present the standard deviations from the average of combined measurements of the patients (N = 30). Statistical significance was determined with paired sample Wilcoxon signed-rank test (*p < 0.05, **p < 0.01, ***p < 0.001).


Correlating FibroTx TAP measurements of IL-1α, IL-1RA, CXCL-1/2, and hBD-1 and ultrasound measurements of non-lesional skin and lesional skin from the same patients revealed a positive correlation between IL-1RA and SLEB thickness (r = 0.45, p = 0.013, Supplementary Table S5A) for non-lesional skin, and strong positive correlation between CXCL-1/2 and SLEB thickness on lesional skin (r = 0.512, p = 0.004, Supplementary Table S5B).

Combining ultrasound measurements of the epidermis, dermis, or SLEB with the local scores for erythema, inflammation, and scaling of the patients did not reveal any significant correlations except for a significant positive correlation between SLEB thickness and induration (r = 0.402, p = 0.028, Supplementary Table S5C).



Skin surface proteins were normalizing over narrow-band ultraviolet B therapy

During the 4 weeks course of UVB treatment, levels of IL-1α Did Not change on the lesional skin of psoriasis patients, but there was a modest decline In IL-1α on non-lesional skin (Figure 3). In contrast, levels of Pro-inflammatory IL-1RA (p < 0.01) and CXCL-1/2 (p < 0.05) showed a significant reduction in lesional skin in response to therapy. Over the four weeks of treatment, levels of IL-1RA on lesional skin reduced to a level similar to the amount of IL-1RA on non-lesional skin. No alterations were measured for IL-1RA on non-lesional skin during the course of treatment and CXCL-1/2 remained undetectable (Figure 3). The levels of antimicrobial peptide hBD-1 detected at baseline on non-lesional skin were nearly twofold lower compared to the levels captured on lesional skin. However, after four weeks of narrow-band UVB treatment, the levels of hBD-1 detected on non-lesional skin increased compared to the baseline with an approximately twofold increase, contrary to the levels of hBD-1 captured on lesional skin, which showed a nearly fourfold decrease compared to the amounts of baseline hBD-1 (Figure 3.). Kinetics of the downregulation of analyzed skin surface proteins showed a notable difference between the individual markers. Levels of IL-1α displayed a slower response reaching just 40% of reduction whereas IL-1RA and CXCL-1/2 were reduced by 75% and hBD-1 by 80% of their baseline levels on lesional skin after four weeks of treatment (Figure 3B).

[image: Figure 3]

FIGURE 3
 (A) Measurements of IL-1⍺, IL-1RA, CXCL-1/2, and hBD-1 on non-lesional and lesional skin of psoriasis patients during narrow band UVB treatment. Biomarker measurements were performed on healthy apparent and lesional skin before treatment, and after two and four weeks of treatment at the same skin site using FibroTx TAP. The apparent average biomarker concentration of non-lesional skin is plotted with white bars (panels A–D), and average biomarker measurements of lesional skin sites are presented with back bars (panels A–D). Y-axis: apparent concentration of IL-1α, IL-1RA, CXCL-1/2, and hBD-1 on the skin in ng/mL. X-axis: time point of biomarker sampling. Error bars in graphs A–D represent the standard deviations from the average of combined measurements of the patients (N = 14); ND, not detected. Statistical significance was determined with paired sample Wilcoxon signed-rank test (*p < 0.05, **p < 0.01, ***p < 0.001). (B) Measurements of IL-1⍺, IL-1RA, CXCL-1/2, and hBD-1 on lesional skin of psoriasis patients during narrow band UVB treatment. Combined average levels of biomarkers IL-1α, IL-1RA, CXCL-1/2, and hBD-1 sampled with TAP on lesional skin of psoriasis patient (N = 14) and scores of local erythema, induration, and desquamation of the same lesional site before and during treatment with narrow-band UVB combined with calcipotriol/betamethasone dipropionate ointment. Data presented as % of baseline values. (C) Changes in the psoriasis area severity index (PASI) and local scores for erythema, induration, and desquamation induced by narrow-band UVB treatment. The PASI score was documented before the treatment initiation and after 4 weeks of treatment. Local scores for erythema, induration, and desquamation were documented before the treatment initiation, and after two and four weeks of treatment at the same lesion sites. Each bar plotted in Figure 3A represents an average measurement of an analyzed clinical score of psoriasis patients (N = 14). Error bars on graphs present the standard deviations from the average of combined measurements of the patients (N = 14). Statistical significance was determined with paired sample Wilcoxon signed-rank test (*p < 0.05, **p < 0.01, ***p < 0.001).




Skin surface biomarkers associated with disease activity scores over narrow-band ultraviolet B therapy

As a result of the narrow-band UVB treatment, the PASI score dropped an average of 57.71 percent during treatment, a highly significant difference (p < 0.001; Figure 3C). Local scores for erythema, induration, and desquamation showed high significant improvements of the lesions measured by FibroTx TAP (p < 0.01, p < 0.01, p < 0.01, respectively, Figure 3C).

IL-1α, IL-1RA, and CXCL-1/2 are cytokines directly involved in psoriasis skin inflammation (32, 35). Therefore we decided to assess whether these skin surface proteins measured by TAP correlated with disease severity over time. We analyzed the correlation between the values of IL-1α, IL-1RA, CXCL-1/2, and hBD-1 measurements from psoriatic skin against the PASI and the values of erythema, induration, and desquamation, at the area of the FibroTx TAP measurements. Data collected on the baseline and after 4 weeks of treatment were combined for Spearman rank correlation analysis positive association between skin surface proteins, PASI (r > 0.4), and the values of erythema, induration, and desquamation was observed over time for CXCL-1/2 and IL-1RA (r > 0.3) indicating higher levels of skin surface CXCL-1/2, IL-1RA for higher disease severity (Supplementary Table S6). Moderate correlation for skin surface anti-microbial hBD-1 and erythema (r = 0.4, p = 0.02), and induration (r = 0.39, p = 0.04) was observed. No correlation between IL-1α and disease severity scores over UVB therapy was noted.

Analyses of the IL-1RA over IL-1α ratio also confirmed the clinically observed pattern of normalization of skin in lesions measured. The ratio between IL-1RA and IL-1α, measured on lesions (ng/mL), declined from 4.89 to 2.25. In contrast, the ratio between IL-1RA and IL-1α, measured on non-lesional skin, remained stable, changing from 0.57 to 0.65 during treatment (Supplementary Table S7).

No adverse events were reported in the FibroTx TAP measurements, neither on non-lesional skin nor on lesional skin, and neither in patients nor in healthy individuals either by visual assessment (e.g., signs of redness) or upon inquiry (e.g., irritation, itching, and pain).




Discussion and conclusion

This exploratory pilot study aimed to assess whether expression patterns of inflammatory proteins known to be involved in psoriasis measured non-invasively from the skin surface of adult psoriasis patients associated with the clinical scores for psoriasis severity and whether the changes in skin surface biomarker levels followed the clinical features in response to therapy. The choice for measuring skin surface proteins using the FibroTx TAP was because TAP is a non-invasive sampling technology that does not affect the skin, i.e., protein measurements are not biased by skin responding to the measurement method, and do not interfere with biological processes in and on the skin (28). Moreover, the method collects the analytes directly from the skin surface within one step and no additional extraction procedures after sampling are needed like in the case of the tape strip method (22).

The panel of IL-1α, IL-1RA, CXCL-1/2, and hBD-1 was chosen for the pilot study because these proteins have shown reliable quantitative and qualitative measurements from the skin surface using TAP (27, 29), and based on their role in inflammation of psoriasis reported in the literature. IL-1α and IL-1RA are examples of pro- and anti-inflammatory interleukins, respectively, that are known to play important roles in skin homeostasis and skin inflammation, including psoriasis (28, 32–35). The combination of chemokines CXCL-1 and -2 was chosen because of their role in attracting neutrophils to psoriatic skin lesions, which leads to T-cell activation (34, 36). Hence CXCL-1/2 is a valuable biomarker for monitoring inflammatory-related processes in the skin. Epithelial-produced antimicrobial peptide hBD-1 is detected also in immune cells, such as macrophages and monocytes (37), linking these signaling molecules with immune system regulation. Further, Uzuncakmak et al. monitored by invasive methods the alteration of tissue expression of human beta defensin-1 in PV following phototherapy (38), therefore presenting hBD-1 as an interesting candidate for non-invasive monitoring of its pattern in response to therapy.

Non-invasive skin surface measurements with TAP confirm that proteins such as IL-1RA, CXCL-1/2, and hBD-1 are present in higher amounts on lesional skin, whereas others, such as IL-α, are found in reduced amounts on lesional skin in comparison with non-lesional and healthy skin. This was supported by reports in the literature, which assessed these patterns through more invasive technologies, such as mRNA and immune histochemistry (IHC) analysis using skin biopsies and protein analysis (28, 34, 38–41). Therefore, it appears that non-invasive measurements of soluble proteins found on the skin, e.g., as measured by TAP, both qualitatively and quantitatively correlate with proteins found in the skin, as measured by invasive methods.

In the literature, there is ample evidence that IL-1α is found in decreased levels, and IL-1RA in increased levels in psoriatic lesional skin in comparison with non-lesional skin (32, 39, 40). TAP measurements of IL-1α and IL-1RA on the skin of adult psoriasis patients thus fit the bulk of evidence in the literature. One of the possible reasons for these levels of assessed IL-1α and IL-1RA on lesional versus non-lesional skin could be through skin barrier disruption, which is a distinguishing parameter for lesions. Preformed IL-1α is described to be stored in epidermis (42) and is released and depleted due to the skin barrier damage compared to the healthy tissue where the skin barrier is intact.

PV manifests itself in physical changes of the skin layers, such as thickening of the epidermis and the presence of a characteristic low-density layer between the epidermis and dermis, the so-called sub-epidermal low-echogenic band (SLEB) that can be measured via ultrasound (43, 44). Our measurements clearly showed a statistically significant thickening of the epidermis, SLEB, and dermis in lesional skin in comparison with non-lesional skin. A moderate positive correlation between CXCL-1/2 and SLEB thickness of lesional skin was observed. SLEB presents dermis-reduced echogenicity that is caused by edema and inflammatory cell infiltration at the inflamed lesions, which in turn can be explained by elevated levels of CXCL-1/2 produced by T-cells and keratinocytes in inflamed lesions. This connection between skin surface CXCL-1/2 and dermal SLEB suggests that local skin surface proteins can reflect the condition of the skin from deeper layers. Interestingly, neither ultrasound measurements nor visual assessments of lesional skin correlated in a highly statistically significant sense; only a mild correlation between skin induration and SLEB thickness was observed, and thus it appears that visual-, ultrasound- and protein measurements can quantify disease intensity.

We followed patients during short-wave UVB treatment to determine whether measurements of skin-surface IL-1α, IL-1RA, CXCL-1/2, and hBD-1 reflect disease intensity merely in a qualitative state, i.e., inflamed or not inflamed, or whether skin surface measurements of these biomarkers can reflect disease intensity quantitatively. Four weeks of narrow-band UVB treatment resulted in notable changes in skin surface protein levels (Figure 3) in addition to an improvement in disease severity scores (Figure 3C). Interestingly, the analyzed biomarkers displayed different treatment response kinetics – whereas IL-1RA, CXCL-1/2, and hBD-1 presented close to 80% reduction compared to baseline levels assessed on lesional skin, levels of IL-1α displayed slower and low response, reaching just 40% of reduction (Figure 3B) when compared to baseline levels. This distinction of IL-1α lower response kinetics could be explained by the importance of this cytokine in the regulation of innate immune defense mechanisms (45) and by the constant production of local keratinocytes. Therefore, pre-produced IL-1α could emerge from the depths of the epidermal layer whereas anti-inflammatory IL-1RA, synthesized previously in counter to inflammation, reduced in response to therapy. This hypothesis seems to be supported by the measurement of IL-1α and IL-1RA levels of the same psoriasis patients’ non-lesional skin. Response kinetics and the detected alteration in levels of IL-1α on lesional skin resembled the kinetics and the detected reduction rate of skin surface IL-1α on healthy apparent skin, whereas kinetics and decreased levels of IL-RA were more robust on psoriatic lesion when compared with measurements of non-lesional skin.

Interestingly, although skin surface hBD-1 stated higher levels on psoriatic lesions than non-lesional skin, followed by local scores for erythema, induration, and desquamation during UVB therapy, reverse levels of hBD-1 were detected on psoriasis lesions compared to patients’ non-lesional skin after 4 weeks of treatment. We hypothesized it could be related, on the one hand, to the integrity of the skin barrier host defense mechanism of healthy skin and, on the other hand, due to the apoptosis caused by narrow-band UVB of local keratinocytes producing hBD-1 in psoriasis lesions.

Although correlations between skin surface protein levels and disease severity were observed, it was interesting that analysis of skin surface biomarker levels assessed with FibroTx TAP revealed that skin surface measurements of IL-1RA and CXCL-1/2 displayed a different pattern than achieved by visual evaluation of local inflammation (Figure 3C). Visual assessment for erythema, induration, and desquamation decreased after 2 weeks of treatment and displayed similar levels after 4 weeks of treatment, whereas IL-1RA and CXCL-1/2 normalized more gradually through therapy (Figure 3). This confirmed that measuring the ‘molecular root’ of inflammation appears to have value as an objective, non-invasive biomarker measurement for scoring disease intensity. The difference in kinetics of analyzed biomarkers suggested that changes in skin surface proteins are not a uniform reflection of skin healing, but rather reflect individual changes of expression in the skin. Nevertheless, the patient cohort of the current study was limited, and a study with a larger cohort of patients is needed for firm conclusions.

In conclusion, we could measure IL-1α, IL-1RA, CXCL-1/2, and hBD-1 on the skin of psoriasis patients, with clear differences between lesional and non-lesional skin, which supports the hypothesis that TAP is an applicable tool for non-invasive skin surface protein measurement on skin. Further, correlating skin surface measurements of analyzed proteins on the skin from psoriasis patients with clinical assessments of psoriasis severity suggests that these protein measurements may have potential as biomarkers. Nonetheless, a substantially larger study will be necessary to further validate measurements of IL-1α, IL-1RA, CXCL-1/2, and hBD-1 on the skin of psoriasis patients for diagnostic, prognostic, and therapeutic biomarker applications. Whether the conclusions about the applicability of the FibroTx TAP method and analyzed biomarkers can be applied to other skin diseases, skin surface biomarkers, and/or treatment methods is not known and will require additional research.
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Vitiligo is a multifaceted autoimmune depigmenting disorder affecting around 0.5 to 2.0% of individuals globally. Standardizing diagnosis and therapy tracking can be arduous, as numerous clinical evaluation methods are subject to interobserver variability and may not be validated. Therefore, there is a need for diagnostic tools that are objective, dependable, and preferably non-invasive.

Aims: This systematic review provides a comprehensive overview of the non-invasive objective skin measurement methods that are currently used to evaluate the diagnosis, severity, and progression of vitiligo, as well as the advantages and limitations of each technique.

Methods: The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist was used for the systematic review. Scopus, Embase, Cochrane Library, and Web of Science databases were comprehensively searched for non-invasive imaging and biophysical skin measuring methods to diagnose, evaluate the severity of, or monitor the effects of vitiligo treatment. The risk of bias in included articles was assessed using the QUADAS-2 quality assessment scale.

Results: An extensive literature search resulted in 64 studies for analysis, describing eight imaging techniques (reflectance confocal microscopy, computer-aided imaging analysis, optical coherence tomography, infrared photography, third-harmonic generation microscopy, multiphoton microscopy, ultraviolet light photography, and visible light/digital photograph), and three biophysical approaches (dermoscopy, colorimetry, spectrometry) used in diagnosing and assessing vitiligo. Pertinent information about functionality, mechanisms of action, sensitivity, and specificity was obtained for all studies, and insights into the strengths and limitations of each diagnostic technique were addressed. Methodological study quality was adequate; however, statistical analysis was not achievable because of the variety of methods evaluated and the non-standardized reporting of diagnostic accuracy results.

Conclusions: The results of this systematic review can enhance clinical practice and research by providing a comprehensive overview of the spectrum of non-invasive imaging and biophysical techniques in vitiligo assessment. Studies with larger sample sizes and sound methodology are required to develop verified methods for use in future practice and research.

Systematic review registration: (PROSPERO) database, (CRD42023395996).
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1. Introduction

Vitiligo is a common autoimmune depigmenting disorder associated with the loss of functional melanocytes and melanin in the epidermis, typically presenting as circumscribed depigmented macules to patches (1). Currently, around 0.5 to 2.0% of individuals are affected with vitiligo worldwide, but appropriate medical care and research are limited compared to other dermatological pathologies (1, 2). Vitiligo does not exhibit a gender predilection, but it does appear to prefer specific anatomical locations, including the face and extensor surfaces (1, 3). The disease tends to manifest around 10 to 30 years, with a mean age of diagnosis around 15.6 years, and 70–80% of vitiligo diagnoses occur before age 30 (1). Although, vitiligo is typically asymptomatic and benign, the psychological and cosmetic consequences to patients may be overwhelming.

The current gold standard for diagnosing vitiligo relies on clinical examination, yet certain presentations, particularly early or evolving lesions, may be missed, necessitating additional diagnostic tools for confirmation. Various numerical scales also exist to assess outcome measurements for vitiligo, including the including the well-validated Vitiligo Extent Score (VES), the Self-Assessment Vitiligo Extent Score (SA-VES), and Vitiligo Area Scoring Index (VASI) (4–6). Commonly used diagnostic techniques for vitiligo include dermoscopy, Wood's lamp, digital photography with computerized image analysis, and invasive methods such as skin biopsies, however, several emerging, non-invasive techniques are currently being investigated.

Non-invasive methods offer distinct advantages over invasive approaches as they enable the longitudinal tracking of the same skin area without causing inflammation, irritation, damage, or other adverse reactions that could hinder accurate assessment. Despite the widespread use of several non-invasive and objective diagnostic techniques in vitiligo assessment, a comprehensive review of these methods is lacking. Therefore, the purpose of this systematic review is to provide a comprehensive overview of these non-invasive techniques, their strengths, limitations, and potential implications in the diagnosis and assessment of vitiligo. In the context of non-invasive techniques, our systematic review focuses on eight imaging techniques (reflectance confocal microscopy, computer-aided imaging analysis, optical coherence tomography, infrared photography, third-harmonic generation microscopy, multiphoton microscopy, ultraviolet light photography, and visible light/digital photograph), and three biophysical approaches (dermoscopy, colorimetry, spectrometry) used in diagnosing and assessing vitiligo.



2. Materials and methods


2.1. Study design

A systematic review was carried out using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) checklist and is registered in the International Prospective Register of Systematic Reviews (PROSPERO) database (CRD42023395996) (7).



2.2. Search strategy

Four electronic databases—Scopus, Embase, Cochrane Library, and Web of Science—were used for a comprehensive literature search. The search was based on studies that used objective, non-invasive imaging and biophysical skin measuring methods to diagnose, evaluate the severity of, or monitor the effects of vitiligo treatment. A literature search and examination of PubMed MeSH terms were used to obtain skin measurement diagnostic techniques. The following criteria included the principal search words: “vitiligo, diagnosis, and assessment.” An exhaustive list of all search terms used can be found in Supplementary material 1. If more data from the study was required, the authors were contacted. Additionally, a manual search was performed through the related articles' references list for relevant sources.



2.3. Eligibility criteria

Inclusion criteria included: (1) randomized controlled trials, non-randomized controlled trials, cohort studies, case series, and case reports; (2) studies that involved the assessment of cutaneous vitiligo (including segmental, nonsegmental, universal, generalized, mucosal, follicular, guttate, and hypopigmented vitiligo); (3) non-invasive objective imaging/biophysical tools for vitiligo diagnostic and measurement; (4) the investigation offered reliable data that could be studied, including the total number of participants and the insightful outcomes of each metric.

Exclusion criteria included: (1) invasive objective imaging/biophysical tools for vitiligo diagnostic and measurement; (2) research that did not offer adequate information on results in experimental or control groups; (3) in vitro and animal studies; (4) research reported in languages other than English; (5) meta-analysis, systematic reviews, and other reviews (not including primary source); (6) studies lacking full-text or only presenting abstracts.

The term “non-invasive” was defined as any procedure that theoretically cannot cause skin irritation, bleeding, or scarring. This criterion excluded biopsies, the epilation of eyelashes or hairs, the application of tape or glue to the skin, and the collection of excretions from sebaceous follicles or scrapings. Figure 1 depicts the PRISMA selection process flowchart used for this systematic review.
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FIGURE 1
 Process flow diagram of literature screening using the PRISMA guidelines.




2.4. Data extraction

All four databases were searched to include published studies from inception until July 2, 2023. 8601 identified articles were independently reviewed for eligibility using the Covidence systematic review software by two authors (P. A. and M.A.) after duplicate removal from the list of publications. After an initial title and abstract screening, 192 articles underwent a full-text examination to determine their eligibility. A total of 64 studies remained after a full-text review for qualitative synthesis. Conflicts were settled through discussion or consulting a third, unbiased investigator (C.F). The study design, participant count, vitiligo classification, measurement sites, evaluated skin parameters, and study findings were extracted. Imaging techniques, and biophysical approaches were each given a narrative synthesis. Information about each method's advantages, limitations, and measurement principles was tabulated. Statistical analysis was not feasible due to the wide variety of tests evaluated and the non-standardized presentation of diagnostic accuracy outcomes.



2.5. Quality assessment

In this systematic review, the authors employed the Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2) tool to assess the quality of the studies included (8). Two independent reviewers (P. A. and M.A.) evaluated the risk of bias, and any discrepancies were worked out through discussion or by consulting a third, unbiased investigator (C.F). The QUADAS-2 tool has four domains: patient selection, index test, reference standard, and flow and timing. Each domain has questions that assess the risk of bias and applicability of the study and addresses issues related to patient selection, index tests, reference standard validity, and potential bias in patient flow. The QUADAS-2 tool does not incorporate a quality score.




3. Results


3.1. Study characteristics

In total, 64 articles describing eight imaging modalities and three biophysical approaches utilized in diagnosing and evaluating vitiligo were included in this systematic review for analysis. Due to the employment of multiple diagnostics methods, several studies were included in numerous categories to ensure a holistic overview. Table 1 lists all imaging methods and biophysical skin measuring modalities considered for this review, along with the advantages and limitations of each technique.


TABLE 1 Summary table of imaging, biophysical and manual non-invasive techniques used in vitiligo diagnostics and therapy monitoring.
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3.2. Imaging techniques
 
3.2.1. Ultraviolet light photography

Ultraviolet (UV) light serves as a standard and extensively employed diagnostic tool for evaluating vitiligo. Among the reviewed studies, UV light was utilized as a diagnostic technique in seven studies, with Wood's lamp being the preferred choice in six of them (46–51, 55). The theory behind UV light photography suggests that UV rays are selectively absorbed by melanin in the epidermis compared to visible light. This theory is primarily discussed in the context of using UV cameras. However, when it comes to diagnosing vitiligo specifically, most studies relied on standard cameras that capture images within the visible spectrum only. Therefore, the prominent visualization of vitiligo in photography mainly results from enhanced skin fluorescence due to the absence of superimposed pigment, rather than direct UV absorption. The most frequently used device to diagnose vitiligo using UV light is Wood's light, also called a Wood's lamp. It is a handheld device that emits long-wave UV light (wavelengths of 320–450 nm, peak 365 nm) and is equipped with a magnifying lens to enable close examination of the skin (47). Other devices for UV assessment have also been reported, including softboxes, camera flash, and high output flash. Uitentuis et al. discovered that varied UV set-ups produced significantly different quality images, with the high output flash technique producing the best characteristics for vitiligo assessment (47).

Furthermore, one study conducted by Kaliyadan et al. utilized a simple hand-held black-light source, specifically a rudimentary flashlight. This study revealed that the hand-held source was equally effective in detecting fluorescence or enhancing skin lesions, when compared to a standard Wood's lamp (55). Anbar et al. compared the accuracy of vitiligo lesion identification by dermatologists and patients with and without Wood's lamp (50). They observed that lesions outlined using Wood's lamp were significantly more prominent, leading to the detection of new clinically unseen lesions or the identification of expansions of clinically apparent lesions that were otherwise invisible under regular lighting conditions (50). Furthermore, the effectiveness of UV photography in monitoring disease stability has been demonstrated in multiple studies. For instance, Wang et al. conducted a study where Wood's lamp was utilized to assess vitiligo activity and disease stability, both crucial components for successful epidermal grafting surgery. The researchers observed that by examining amelanotic lesions with well-defined borders under Wood's lamp, which serves as an indicator of stability, dermatologists can identify suitable candidates for grafting. Moreover, the use of Wood's lamp facilitates the early detection of re-pigmentation, enabling accurate surveillance and evaluation of treatment outcomes (48).



3.2.2. Reflectance confocal microscopy

Reflectance confocal microscopy (RCM) was used in eleven studies for vitiligo diagnosis and treatment monitoring (9–19). RCM performed in vivo is a non-invasive and repetitive imaging technique that generates real-time images with a resolution like histological images. The components of a reflectance confocal microscope include objective and condenser lenses, a detector, and a light source in the form of a near-infrared laser beam. The laser beam is directed to a particular spot on the skin. The microscope produces images from the stratum corneum to the upper dermis, with a maximum imaging depth of 250 μm and may be used as a non-invasive optical biopsy. RCM analysis facilitates recognizing typical characteristics of affected vitiligo skin and may be beneficial in distinguishing vitiligo in contrast to other hypopigmentary conditions such as post-inflammatory hypopigmentation, nevus depigmentosus, or nevus anemicus. The main RCM characteristics of vitiligo lesions observed throughout the studies included an apparent loss of melanin in the lesioned skin, an indistinct boundary separating the affected from the surrounding normal skin, loss of integrity of the bright dermal papillary rings generally seen at the dermo-epidermal junction level, and highly refractile inflammatory cell infiltration at the edge of the lesions. RCM has been shown useful to differentiate between active or stable vitiligo, proving to be useful in predicting stability in vitiligo. Pertaining to stable vitiligo, there is complete loss of melanin in affected skin, with no changes in the content of melanin nor the dermal papillary rings. In active vitiligo, there is also a loss of melanin alongside a disappearance of the dermal papillary rings (9).



3.2.3. Computer-assisted imaging analysis

Currently, multiple approaches have been investigated for computer-assisted imaging analysis of vitiligo. The literature search found twenty studies which used variations of computer-assisted imaging analysis for vitiligo diagnostics.

Convolutional Neural Networks (CNNs) have shown promising results in vitiligo diagnosis and were utilized in eight studies (20–25). CNNs analyze skin images and classify them as either vitiligo or non-vitiligo lesions using a model involving multiple convolutional layers that identify patterns and a fully connected layer that performs the classification. A large dataset of labeled images is utilized to optimize the network performance and to minimize the difference between its predictions and the true labels.

Compared to human raters, including practicing dermatologists, dermatology residents, and general practitioners, CNNs outperformed all groups consistently. This suggests the efficacy of machine learning in classifying vitiligo by case probability and the possible advantages of CNN techniques as a remote diagnosis tool for vitiligo in situations involving telemedicine or where a Wood's lamp is not accessible (21, 26).

Principal component analysis (PCA) and independent component analysis (ICA) were proposed as mechanisms for analyzing vitiligo lesion segmentation and progression in five different studies (20, 27–30). While CNN, PCA, and ICA all use machine learning for image analysis, CNNs are non-linear supervised learning techniques, while PCA and ICA are linear unsupervised learning techniques. Generally, PCA is used to segment RGB images into melanin and hemoglobin only images, followed by ICA-powered alignment of the two principal component axes. In a study by Nugroho et al., a set of 41 RGB images of vitiligo lesions from 18 patients used a combinational PCA and ICA. They concluded that at a 95% confidence interval, there was a high sensitivity (0.9105 ± 0.0161), specificity (0.9973 ± 0.0009), and accuracy values (0.9901 ± 0.0028) (29). This diagnostic accuracy was comparable to other studies using PCA and ICA (20, 27–30, 72).

Two studies used Fuzzy C-Means (FCM), a cluster-based algorithm, to segment vitiligo lesions (31, 32). The algorithm follows a two-step mechanism, whereby skin segmentation is followed by vitiligo-specific segmentation. Both studies demonstrated considerably fast processing, illustrating the algorithm's promise for use in clinical settings and applicability for teledermatology applications. As the algorithm accepts low-resolution images as input, picture acquisition can be readily carried out using smartphone cameras. Furthermore, Nugraha et al. implemented the FCM software to develop a mobile application called Vi-DA (Vitiligo Diagnostic Assistance), allowing vitiligo patients to self-assess at home (32).

One study used artificial neural networks (ANN) of multilayer perceptron (MLP) type to quantifiable measure skin depigmentation based on the pattern of light refraction (33). Based on the light refraction pattern, the MLP was taught to analyze each pixel in an image and classify it as either having healthy or affected skin. The MLP then produces a binary picture from the original image, where cells with 0 and 1 represent healthy and vitiligo-affected skin, respectively. Compared to ICA/PCA and FCM, the proposed method outperformed both methods in specificity and sensitivity over an 8-test span (33).

Several studies demonstrated that computer-assisted imaging analysis provided quantitative data on vitiligo lesion stability, namely, consistent coloration over time, with little variation in pigmentation intensity, relatively constant lesions sizes, showing minimal or no expansion or contraction, and well-defined, regular borders, suggesting a lack of active disease progression.



3.2.4. Optical coherence tomography

Four studies utilized Optical Coherence Tomography (OCT) for vitiligo assessment (38–41). OCT measures differences in optical path light, where one light path is directed to a tissue sample while the other is to a reference mirror (73). Through lateral scanning, OCT effectively constructs high-resolution two or three-dimensional cross-sectional images of microstructural morphology in biological tissue in situ (74, 75). A study by Su et al. demonstrated that OCT could effectively diagnose vitiligo in its early stages (40). This was accomplished by utilizing OCT for in vivo imaging to reconstruct a three-dimensional skin microstructure. This successfully identified any loss of pigment in the early stages of vitiligo, despite white patches of skin becoming prominent only in the later stages of the disease (40). Xie et al. came to a similar conclusion, supporting the efficacy of OCT in the early diagnosis of vitiligo (39).

Furthermore, detecting the stratum basale and dermal papillae is vital to diagnosing skin pigmentation disorders. To effectively identify such epidermal structures, OCT analyzes the low scattering property of the dermal papillae, contrasting it with the high scattering property of the pigmented basal layer (39). OCT's ability to autodetect such papillae structures are accomplished by scanning large areas of skin and assessing the decrease or absence of the scattering contrasting between the epidermal structures. Gao et al. studied OCT's ability to accurately quantify the optical path length, measuring in vivo tissue's refractive index (41). Their research demonstrated the ability of OCT to evaluate a lower refractive index in skin tissue with vitiligo, showcasing the contrast in scattering coefficients of skin with vitiligo versus without. This change in scattering coefficients was associated with a decrease in melanin content, thus confirming OCT's effectiveness in diagnosing vitiligo. Furthermore, OCT has shown promise in evaluating vitiligo stability. By analyzing the epidermal microstructure, OCT can identify well-defined lesion borders, preserved structural integrity, and relatively constant scattering coefficients in stable vitiligo cases. In contrast, unstable vitiligo was shown to exhibit irregular borders, disrupted epidermal architecture, and changes in scattering coefficients (41).



3.2.5. Visible light and digital photography

Two studies investigated the use of visible light and digital photography for assessing vitiligo (53, 54). As vitiligo is primarily a clinical diagnosis, visible light and digital photography are essential tools for clinicians to use for educational, clinical or telemedicine applications. To better aid physicians in their assessments, digital photography's capture and storage help create a visual database of clinical presentations. The construction of robust visual databases is the foundation for advanced computational analysis to improve early diagnosis, monitor high-risk patients, and diagnose atypical lesions (53). For telemedicine, when imagining quality is consistent and adequate, it can substitute for inpatient physical examinations in up to 83% of cases (53). A recent article from Geel et al. highlights the importance of standardization in photographing vitiligo to improve documentation and comparison among different sites to produce a more efficient and reliable interpretation of results (54). Under visible light, distinguishing between hypomelanosis and amelanosis in vitiligo patients, particularly those with very fair skin (Type I or II) or children, has been shown to be challenging (76).



3.2.6. Other techniques

Three more imaging techniques employed in vitiligo diagnosis include infrared photography, multiphoton microscopy and third-harmonic generation microscopy. Table 1 provides a summary of the detailed characteristics.




3.3. Biophysical techniques
 
3.3.1. Dermoscopy

Dermoscopy, also known as epiluminescence microscopy, is a real-time, dynamic, nondiagnostic tool that enables in vivo examination of skin lesions. Clinically, dermoscopy is widely used in vitiligo diagnostics due to its ability to enhance visualization and detect subtle changes in pigmentation and skin lesions that may be difficult to discern with the naked eye. The technique involves using a handheld instrument equipped with a polarized light source and magnifying lens to visualize the epidermal layer's microstructures and the skin's superficial dermis. Dermoscopy can provide valuable information about the structure and appearance of affected vitiligo skin lesions, allowing for improved diagnostic accuracy.

Dermoscopy was utilized in eleven different studies (46, 49, 55–63), of which two studies used ultraviolet light (46, 49), and one used high dynamic range conversion of images for diagnostic and monitoring purposes (55). Perifollicular changes and interfollicular pigmentation constituted the most common dermoscopic observations seen by Al-Refu et al. and Jha et al. (56, 57). Two studies showed that employing UV-dermoscopy can identify various distinctive microscopic characteristics of vitiligo not seen in polarized dermoscopy, namely, an enhanced perifollicular border and a more distinguishable depigmented junctional zone (46, 49). Kaliyadan et al. observed that prominent pigmentary features were perceived to show significant enrichments after HDR conversion (55). Furthermore, a novel study by Scarfi et al. proposed utilizing fluorescence-advanced videodermatoscopy which enables dynamic examination of superficial skin structures with a cellular resolution and holds potential for improved disease monitoring, prognosis, and treatment outcomes in vitiligo patients (58). Dermoscopy also offers valuable insights into assessing disease stability in vitiligo by identifying key features such as indistinct boundaries, perifollicular depigmentation, satellite lesions, and the micro-Koebner phenomenon. These characteristics are significantly associated with active vitiligo. Conversely, the presence of perifollicular repigmentation serves as a promising indicator of vitiligo stabilization. These insights can assist in evaluating the activity of vitiligo lesions and provide useful guidance for patient counseling regarding disease prognosis.



3.3.2. Colorimetry

The colorimeter is a non-invasive instrument used to quantify skin color and has also been utilized to determine the capacity for pigmentation. Colorimetry allows for objective quantification of epidermal changes associated with vitiligo and offers a standardized approach to evaluating disease stability. By precisely measuring parameters such as luminance value and melanin index, colorimetry provides valuable insights into the progression and response to treatment in vitiligo. Two articles illustrate the potential role and efficacy of the colorimeter as a non-invasive diagnostic tool for diagnosing vitiligo and its severity (64, 65). Brazzelli et al. used a portable colorimeter to evaluate the progressive development of vitiligo patches in a Caucasian male. The colorimeter evaluated an area of 8 mm2 in diameter of skin over four months, and they found the luminance value significantly increased, indicating increased relative lightness and depigmentation.

Tawfik et al. utilized colorimetry to evaluate the treatment response of vitiligo to narrow-band UVB phototherapy over the course of six months. The results were significant for regimentation in 90% of patients, as shown by an increase in melanin index, indicating improved stability of vitiligo lesions. An important finding was that the colorimeter could assess regimentation a month before it was apparent clinically, implicating its potential use as a prognostic tool (27). Compared to other measurement assessment techniques, such as the point counting method, colorimetry was found to be less time intensive and more standardized across all anatomic regions (27).



3.3.3. Spectrometry

Six studies investigated the use of spectrometry in vitiligo assessment (66–71). These non-invasive tools can be used to assess disease activity in vitiligo patients. Spectrometers are portable tools used to investigate the physiological and morphological properties of skin tissue by utilizing optical signals with a high spectral resolution (72). The spectrometry mechanism of action involves exposing the epidermal surface to white light produced by an incandescent source. Melanin, one of the skin's chromophores, absorbs the majority of incoming light but exhibits a monotonic rise in intensity as wavelengths get shorter (absorption is almost wholly attenuated for wavelengths longer than 700 nm) (68). Spectrometers then detect backscattered photons emerging from various layers of skin tissue, resulting in a tissue surface emission profile. De Bruyne et al. used spectrometry on the perilesional skin of 70 vitiligo patients in different anatomic regions and noted a classification model generating a correct prediction in 82.9% of the cases (66). Poojary et al. analyzed using a portable fluorescence spectrometer for diagnosing vitiligo in 260 patients and recorded a similar sensitivity and specificity of 74.6% and 73%, respectively (67). They also observed a critical point (cut-off) of 975.995 nm to differentiate vitiligo from other hypopigmented with an increased sensitivity of 93.1% and specificity of 86.4%. Hegyi et al. utilized diffuse reflectance spectroscopy with an experimental spectrophotometer to measure skin pigmentation in patients with vitiligo undergoing PUVA therapy. They saw an increase in pigmentation compared to pre-treatment as demonstrated by a statistically significant difference in pre- and post-treatment melanin quantification (70). Park et al. utilized a narrow-band reflectance spectrophotometer to measure melanin indexes (Mis), relative melanin indexes (RMIs), and erythema to differentiate between two similar hypopigmented disorders, vitiligo and nevus depigmentosus (ND) (71). The study found that the mean Mis and RMIs are statistically different between patients with vitiligo and ND, with mean RMI scores of 50% and 74% for vitiligo and ND patients, respectively. Spectrometry techniques also offer a non-invasive means to assess vitiligo disease activity. Unlike invasive blood markers, spectrometry offers immediate and real-time information about the specific conditions of the skin and its biochemical alterations. Stability evaluation relies on monitoring the absence of significant changes in biochemical parameters and presents with distinctive benefits, including rapid analysis (<10 s), portability, and compactness, making it suitable for use in a dermatologist's office during consultations (66).




3.4. Quality assessment

Supplementary material 2 displays a visual representation of the methodological risk of bias assessment measured using the QUADAS-2 tool. The quality assessment of the included studies revealed a generally satisfactory level, as most studies demonstrated a low or unclear risk of bias. Notably, Domain 1 (Risk of Bias: Patient Selection) exhibited the highest risk, while Domain 2 (Risk of Bias: Index Test) demonstrated the lowest level of bias (Supplementary material 3).




4. Discussion

There is a significant need for non-invasive objective skin measurement methods that can accurately diagnose and monitor the progression of vitiligo. This systematic review analyzed 64 studies on various non-invasive diagnostic modalities, including eight imaging techniques, and three biophysical methods. This is especially useful for clinical practice but may also contribute to further research advancements.

Imaging techniques offer valuable insights into the structural changes in the epidermis that occur with vitiligo, which may contribute to a deeper understanding of the underlying pathogenesis. Another advantage of these techniques is their ability to provide highly detailed images and provide more accurate and objective information about the distribution and extent of depigmentation, aiding in earlier-stage diagnoses, which can be particularly important in detecting the progression of vitiligo and monitoring the efficacy of treatments (68). Using computer-assisted imaging analysis, particularly machine learning, is a relatively new and emerging field. Machine learning algorithms can be trained to analyze images of the skin and provide highly accurate assessments of the extent and progression of the condition. Unlike traditional imaging techniques, which rely on human interpretation, machine learning algorithms can provide consistent and unbiased assessments of the skin (26). This can be especially useful for large-scale studies and for tracking skin changes over time. Machine learning algorithms can be trained to identify specific patterns and features in images of the skin, which can be used to distinguish between different types of pigmentary disorders, which can be particularly important for the accurate diagnosis of vitiligo, as it is often misdiagnosed (77). However, there are also some limitations to the use of imaging techniques for the diagnosis of vitiligo. For reliable and repeatable results, imaging equipment can be expensive to acquire and requires stringent procedures to be followed by experienced professionals. Resolution and penetration depth are also restricted for imaging techniques, including RCM and infrared photography (12). Due to the lack of a capillary form standard, it may be challenging to quantify vessel abnormalities using these imaging techniques (14). Some imaging techniques, such as RCM and OCT, are not portable and are more expensive than other diagnostic modalities, straining accessibility for clinicians (39). Similarly, computer-assisted imaging analyses have shown promise in vitiligo diagnosis; however, they are limited in their dependence on training data and ability to identify rare or unusual cases (24).

One key advantage of biophysical methods such as spectrometry and colorimetry over imaging techniques is the ability to measure color and reflectance properties of the skin quantitatively, providing healthcare professionals with a more precise understanding of the extent and severity of pigmentation loss (66). Furthermore, all these techniques are portable, rapid, and objective measurement techniques. While biophysical techniques offer several advantages in diagnosing and assessing vitiligo, they also have some limitations that should be considered. One limitation is the sensitivity and specificity of these techniques, particularly colorimetry, and spectroscopy, which can be affected by factors such as skin hydration, skin oiliness, and skin temperature (78). To ensure accurate and reliable results, it is essential to standardize the conditions under which these measurements are performed and to use validated protocols and devices.

It is also pertinent to mention the available scales for assessing the extent and severity of vitiligo, each with its own strengths and limitations. These techniques combine visual assessment and quantitative measurements to evaluate the size, location, and progression of depigmented patches on the skin. The scores generated by these assessments play a crucial role in tracking the condition's progression and evaluating the effectiveness of treatment interventions. One commonly used technique is the Vitiligo Area Scoring Index (VASI), which divides the affected skin into four body regions and assigns a score based on the percentage of affected skin. However, it may not provide a comprehensive evaluation in cases of irregularly shaped patches or those located in hard-to-see areas (4). Another widely used metric is the Vitiligo Extent Score (VES). The VES assesses vitiligo in 19 body regions using template photographs, however, does not account for the back of the scalp, the soles of the feet, or the palms of the hands. and has shown higher dependability and usability compared to VASI. A simplified version of the VES, known as the Self-Assessment Vitiligo Extent Score (SA-VES), was developed as a patient-reported outcome measure. The SA-VES demonstrated excellent reliability and correlation with physicians' assessments, offering a user-friendly and practical approach for assessing vitiligo extent in clinical practice and research. In most validation studies included in this review, the VES showed higher dependability and usability compared to the Vitiligo Area Scoring Index (4–6, 79). The Vitiligo Disease Activity Score (VIDA) evaluates disease activity on a six-point scale based on patient self-reported assessments (80). While initially promising, a recent study by Coias et al. found the VIDA to be an unreliable assessment of disease activity, as VIDA scores did not correlate with changes in VASI scores over time, indicating patients' inaccurate prediction of disease activity (81). The Vitiligo European Task Force (VETF) assessment combines the evaluation of vitiligo extent, disease stage (staging), and disease progression (spreading). To assess the extent of vitiligo, the rule of nines, which is already utilized in atopic dermatitis assessment, is employed (82). In addition to these metrics, the Potential Repigmentation Index (PRI) is used to evaluate the extent of pigment loss, while the Patient-administered Vitiligo Screening Tool (VISTO) tracks symptoms and signs associated with vitiligo (83, 84). Recently, a novel metric called the Vitiligo Extent Tensity Index (VETI) has been proposed. The VETI score combines elements of VASI, VETF, and parts of PRI to create a more comprehensive system that offers reproducible numerical ratings and reduced interobserver variability (85). The point counting is a simple, precise, and useful technique that is frequently used to estimate irregularly shaped skin surface areas and was adapted for vitiligo by Aydin et al. (86).

The results of this systematic study should be evaluated considering various limitations and potential biases. Several studies in this systematic review had limited sample sizes, which impacted the generalizability of the results, hindering follow-up data from assessing the long-term effects of the different diagnostic methods. For practical linguistic reasons, English was the only language permitted for published studies, which has the potential to introduce language bias. Another limitation is that many of the studies provided an inadequate description of measurement sites, and there was often a lack of standardization and validation in the methods used. Moreover, due to the complexity of vitiligo symptoms, most methods could only measure a limited number of parameters. Subsequently, the information obtained may not be conclusive with a single diagnostic modality. Despite the abovementioned limitations, several methods exhibit encouraging potential for improved diagnosis and assessment, particularly in clinical and research contexts. Outside the widely used methods such as dermoscopy and Wood's lamp, RCT may be used as a non-invasive optical biopsy, computer-assisted imaging techniques can provide an effective remote diagnosis and allow patients to perform self-assessment at home, and spectroscopy and colorimetry are portable, rapid, and objective measurement techniques that may be particularly beneficial as an adjuvant to other diagnostic tools.



5. Conclusions

In conclusion, this systematic review summarizes the non-invasive imaging, biophysical, and manual methods now available for vitiligo diagnosis, severity evaluation, and therapeutic monitoring. While several of these techniques show promise and offer valuable insights regarding the structure and characteristics of vitiligo skin that cannot be obtained from the naked eye alone, suitable and verified protocols are required for further use of these tools in clinical and research settings. The systematic review provides valuable information for healthcare providers by offering a comprehensive summary of the available diagnostic techniques for vitiligo. The review results provide insight into each method's strengths and limitations and can inform clinical practice by guiding future research.
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43.75
56.25

6.25
93.75

3214+1.94

71.88
28.12

21.74
47.83
30.43

84.38
15.62

3:13
37,50
59,38
68.75

28.13
71.87

p-value

0.163

<0.001

0.518

<0.001

0.735

0.010

0.593

0.879

0.0013

0.852

0.7461

0.872

0.723
0.555
0.159
0.475

0.357
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Variable @ N AKASI score AKASI score TO
TO mean £+ SD median (IQR)

Gender

Female 12 3.13 4+ 1,81 3.40 (2.7)
Male 62 4.08 £2.25 3.60 (3.4)
Immunosuppression

Yes 32 321+1.94 2.50 (2.8)
No 42 447 £2,26 420 (2.4)
Outdoor profession

Yes 27 4.02 +£2.01 3.60 (3.2)
No 47 3.87 £2.33 3.60 (3.4)
Phototype

I 46 437+£2.18 4.10 (2.4)
[1I 28 3.19 £ 0.08 2.40 (3.3)
Previous sun exposure

Intensive 41 4354243 3.80 (3.6)
Occasional 33 339+1.78 3.20 (2.6)
Use of photoprotection

Yes 25 333 +£1.84 2.60 (2.8)
No 49 4234233 4(2.8)
Previous actinic burns

Yes 35 434 +2.14 4.20 (2.8)
No 39 3.554+£2.22 3.40 (2.8)
Artificial UV exposure

Yes 5 4.60 £4.03 4(2,4)
No 69 3.88 +2.06 3.60 (3.2)
Previous NMSC

Yes 54 4294229 3.90 (3.2)
No 20 2.9541.63 2.80 (2.2)
Previous NMSC type (n = 54)

SCC 14 4.03 £2.03 3.60 (3)
BCC 26 3.85+£241 3.40 (3)
SCCand BCC 14 534 +2.12 5.40 (2)
Use of analogs of Rilastil AK repair

Yes 17 4314191 3.80 (2.4)
No 57 3.81+£229 3.40 (3.2)
Partial AKASI score at TO (Mean + SD)

Scalp 1.55+1.63

Forehead 0.89 £ 0.72

Right half face 0.79 £ 0.64

Left half face 0.70 £ 0.63

p-value

0.176

0.013

0.774

0.024

0.062

0.096

0.127

0.481

0.019

0.129

0.419

Statistically significant values are in bold. At the bottom of the table, AKASI score

averages stratified based on the location.
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A: Confirmed scabies

At least one of:

B: Clinical scabies

At least one of:

C: Suspected scabies
One of:

History features

Al: Mites, eggs or feces on light microscopy of skin samples
A2: Mites, eggs or feces visualized on individual using
high-powered imaging device

A3: Mite visualized on individual using dermoscopy

B1: Scabies burrows
B2: Typical lesions affecting male genitalia
B3: Typical lesions in a typical distribution and two history features

CI: Typical lesions in a typical distribution and one history feature
C2: Atypical lesions or atypical distribution and two history features

H1: Itch
H2: Close contact with an individual who has itch or typical lesions
in a typical distribution
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Dermatoscopic
features

Hypopyon-
like/crescent

shape

Blister resembling frog
spawn or translucent
vesicle

Milky/whitish lacunae

Brown reticulate
pigmentation

Age,
y Mean &
SD(range)

20.4 % 9.6 (5-36)

17.8+ 8.6 (4-25)

20+ 4.9 (17-30)

24+ 3.7 (20-36)

Frequency
n (%)

17 (46.0%)

11(29.7%)

5(13.5%)

4(108%)

Gender Location Clinical features Primary diagnosis/

(M:F)

127

1:1.5

differential diagnosis
Limbs (8) Reddish and Angiokeratoma,
Trunk (5) complexion papule/  Hemangioma, CLC, Verruca
Headand  plaque/mass/ plana, Venous malformation,
Neck (4) Vesicular/lacunae Melanoma
Limbs (3) Complexion/yellowish/  Angiokeratoma, CLC,
Trunk (5) Translucentpapule/  Hemangioma, Verruca plana,
Headand  plaque/mass/ herpes zoster
Neck (3) Vesioular/lacunae
Scrotum (2)  Papules, intermittent  Skin mucinosis

Trunk (3) liquid efflux

Limbs (2) Brown patch, gradually Dermatofibroma, Nevus.
Trunk (2) enlarge

Histology

Dilated lymphatics, some
containing lymph,
erythrocytes and
inflammatory cells
Lymphangiectasia of
different size

Dilated lymphatic vessels
and D2-40 staining was
positive
lymphangiectasia,
accompanying with
fibroplasia
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Burrow under dermatoscope

Positive (%)

Negative (%)

Trunk 6(12.0) 44 (88.0)
Finger seams 41 (82.0) 9(18.0) 49.177 <0.001*
External genitals 45 (90.0) 5(10.0) 60.864 <0.001**

*Finger seams compared with trunk.
**External genitals compared with trunk.
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Variables

Age, years (N, %)
<31

>31

Gender (N, %)
Mele

Female

Location (N, %)
Head and neck
Trunk (including
vulva)

Negative
Endothelia layer
(N, %)
Monolayer
Multilayer

Clinical manifestation P-value*

With enough Without Total
erythrocyte/ enough
lymph (N =34)  erythrocyte/

lymph (N = 28)
037
22 (35.5%) 15(242%) 37 (59.7%)
12/(19.4%) 13(21.0%) 25 (40.3%)
028
25 (40.3%) 17(27.4%) 42 (67.7%)
9(14.5%) 11(17.7%) 20 (32.3%)
0.12
3(4.8%) 6(9.7%)  9(14.5%)
19 (30.6%) 14(226%) 33 (53.2%)
12(16.1%) 8(129%)  20(32.3%)
1.120E-07
29 (46.8%) 4(65%)  33(53.2%)
58.1%) 24(38.7%) 29 (46.8%)
3.6945E-09
28 (45.2%) 2(32%)  30(87.1%)
6(9.7%) 26(41.9%) 32 (12.9%)

Analysis by 2 test or Fisher's exact-test; For the 62 lymphangioma cases, the median age
of the whole group of patients was 31 years (range, 4~78 years). *significant association,
i present. The bold values means significant association, if present.
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Univariate analysis Multivariate analysis

Hazard ratio 95% Cl P-value Hazard ratio 95% Cl P-value
Age (years) <55 1.0 1.0
>55 2.5 1.4-4.3 <0.001 1.5 0.8-2.8 0.214
Histologic subtype* SSM 1.0 1.0
NM 4.7 2.4-9.0 <0.001 2.6 1.2-5.5 0.011
ALM 4.6 2.1-9.8 <0.001 2.7 0.8-9.2 0.121
NOS 2.1 0.8-5.4 0.111 7 0.6-4.9 0.296
Tumor thickness (mm)* <1.0 1.0 .0
>1.0 10.5 4.6-23.6 <0.001 5.7 2.3-139 <0.001
Ulceration* Present 1.00 0
Absent 5.1 2.9-8.9 <0.001 2.1 1.1-4.0 0.032
Location of melanoma Foot 1.0 0
Lower leg 0.8 0.4-1.4 0.374 .8 0.6-5.0 0.272
Thigh 0.3 0.1-0.6 <0.001 0.6 0.2-1.8 0.349
CI, confidence interval; SSM, superficial spreading melanoma; NM, nodular melanoma; ALM, acral lentiginous melanoma; NOS, not otherwise specified; MUP, melanoma of unknown primary.
*Missing values: histologic subtype n = 17, tumor thickness n = 8, ulceration n = 13. Multivariate logistic regression analysis of significant variables in the univariate analysis was performed in a full

dataset of 359 patients with melanoma of the lower extremity.
Bold values represent the p < 0.05.
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n Conventional photography 3D-photography
n=24 n=22
Gender Male 10 5(21%) 5(23%)
Female 36 19 (79%) 17 (77%)
Male-to-female ratio 1:38 1:34
Age (years) Median 66 60
Mean 70 66
Range 28-87 29-87
Histologic subtype SSM 12 7 (29%) 5(23%)
NM 9 6 (25%) 3 (14%)
ALM 11 5(21%) 6 (27%)
NOS 14 6 (25%) 8 (36%)
Tumor thickness (mm)* Median 35 3.3
Mean 3.6 3.0
Range 0.2-7.3
Unknown 1 (4%)
Ulceration* Present 21 15 (79%)
Absent 18 4 (21%) 14 (70%)
Location of melanoma Foot 15 8 (33%) 7 (32%)
Lower leg 31 16 (67%) 15 (68%)
Number of ITM 1-5 13 4 (17%) 8 (36%)
6-10 12 6 (25%) 7 (32%)
11-20 11 7 (29%) 4 (18%)
>20 10 7 (29%) 3 (14%)
Time between melanoma and Median 8 31
first ITM (months)
Mean 22 53
Range 0-120 0-244

ITM, in-transit metastasis; SSM, superficial spreading melanoma; NM, nodular melanoma; ALM, acral lentiginous melanoma; LMM, lentigo maligna melanoma; NOS, not otherwise specified; 3D,

three-dimensional.

*Ulceration status was unknown (n = 7). Patient characteristics of 46 patients with primary melanoma of the lower extremity and the foot with in-transit metastases were analyzed by conventional

or 3D photography.
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Lower leg P-value

(n=31)
Full match 3 (20%) 22 (71%)
Partial match 6 (40%) 2(6%) 0.007
No match 6 (40%) 7 (23%)

Depending on the occurrence of in-transit metastases in the corresponding anatomical area of
the primary melanoma, metastatic patterns are classified as full match (>90%), partial match
(<90% and >50%), or no match (<50%). While in melanoma of the lower leg the majority of
in-transit metastases develop in the corresponding lymphatic drainage areas, melanoma of the
foot shows a different metastatic pattern.
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Classification
of method

Technique

Study

Measurement
principle

Advantages

Limitations

Imaging

Biophysical

design(s)

Reflectance 10 cross-sectional; 1 High-resolution cellular High-resolution; real-time Limited depth sensitivity; Lower
confocal case series imaging of the epidermis and imaging; surface imaging; signal-to-nose-ratio; requires
microscopy superficial dermis, based on multiplexing; fast procedure smooth sample preparation;

9-19) the confocal principle (10 minutes); portable system; | extensive training requirements for
cost-effective compared to diagnostic interpretation; no z-axis
another microscopy imaging; sample specificity

Computer- 16 cross-sectional; 2 Image processing using Comprehensive Lack of imaging in z-axis; lacking

aided imaging methodological; 1 various methods including, quantification; portable; real-time imaging; very expensive;

analysis prospective open ANN, CNN, DNN, PCA, ICA, | mapping of facial extensive training requirements for

(20-37) label; 1 fuzzy clustering, K-mean, distributions; machine diagnostic interpretation; novel

multiple-reader GLCM, linear clustering learning capabilities; non-skin | techniques, without standard
multiple-case contact method
diagnostic

Optical 4 cross-sectional Low-coherence Real-time imaging; rapid Extensive training requirements

coherence interferometry to detect (2-10 min); cross-sectional for diagnostic interpretation;

tomography reflections of an infrared light | imaging comparable to expensive; lower axial resolution

(38-41) source, which are used to histology; deep surface than RCM; lower resolution at

create an image of the penetration depth (1.5 mm); reticular dermis; lowered image

scanned tissue until the wide field of view; high spatial | quality in uneven skin; only

reticular dermis resolution (3-10 pm?) architectural changes; limited
subcellular details

Infrared 1 cross-sectional Utilizes the infrared domain Painless; easy to use; rapid; Equipment sensitivity; limited

photography of the electromagnetic cost-effective; real-time information on deep structures;

(42) spectrum for tissue results; objective diagnostics operator dependence; no

assessment. differentiation between arterial and
venous structures; training needed
for image interpretation

Multiphoton 2 cross-sectional Pulsed lasers to excite High-resolution; label-free; Restricted field of view; lack of

microscopy multiple low-energy photons, real-time imaging; deep tissue standardization; small sample size

(43, 44) allowing high-resolution penetration; multiparametric

visualization of melanocyte imaging; preservation of
density and distribution tissue integrity

Third- 1 cross-sectional Nonlinear optical response of High-resolution; real-time Lack of standardization; limited

harmonic biological tissues, with imaging; non-toxic; availabilitys lack of specificity; small

generation melanin providing strong cost-effective compared to sample size; limited information on
microscopy THG contrast in human another microscopy deep structures

(45) epidermis

Ultraviolet 4 cross-sectional; 3 Ultraviolet light emitted at Improved accuracy compared False negative results, particularly

light case series wavelengths of 320-450 nm to visible light; cost-effective; in darker skin tones; operator

photography (peak 365 nm) to improve painless; easy to use; real-time | dependence; may be limited by

(46-52) visual contrast. Melanin in the | results; portable; lighting conditions; uneven skin

epidermis absorbs UV rays non-radiative color may make it difficult to assess
more selectively than visible the extent and distribution of
light. depigmented skin

Visible light 2 cross-sectional Capture and storage of digital Visual database; potential use Limited color accuracy;

and digital photograph in telemedicine interobserver variability; image

photography quality affected by lighting

(53, 54) conditions, technical ability; need

for further validation

Dermoscopy 8 cross-sectional; 2 Transillumination of a lesion Cost-effective; real-time; Operator dependence; limited

(46,49, 55-63)

case series; 1 cohort

to investigate with high
magnification (usually
10-fold) to visualize subtle
colors, features, and
microstructures in epidermis
and papillary dermis

reduced surface shining; easily
applicable; improved
diagnostic accuracy; early
detection; increased patient
satisfaction; Improved
inter-observer agreement;
better patient education;
avoidance of pressure artifacts
(no fluid immersions needed)

specificity; limited information on
deep structures; difficulty with dark
skin; training needed for image
interpretation; no quantitative
analysis; interobserver variability;

Colorimetry 1 cross-sectional; 1 Quantifies skin color and Standardization; Limited sensitivity and specificity;
(64, 65) case series evaluates pigmentation quantification of color; potential observer bias;
response to treatment, based suitable for all skin types; interference from adjacent
on the principle of portable; safe pigmented areas; regular
Beer-Lambert’s Law calibration needed
Spectrometry 5 cross-sectional; 1 Assess disease activity in Safe; portable; cost effective; Limited sensitivity and specificity;
(66-71) cohort vitiligo with optical signals objective measure; easy to use; | potential observer bias; sensitivity

with high spectral resolution

quantifiable; ultrafast (<10
seconds analysis time)

to environmental factors;
complexity
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Patients without ITM Patients with ITM P-value
n =288 n=94

Gender Male 86 (30%)
Female 263 202 (70%)
Male-to-female ratio 1:2.4
Age (years) Mean 53 62
Median 53 65
Range 16-97 28-96
Histologic subtype SSM 226 198 (69%) 28 (30%) <0.001
NM 62 38 (13%) 24 (26%)
ALM 43 25 (9%) 18 (18%)
NOS 35 27 (22%) 21 (22%)
MUP 3 - 3 (3%)
Tumor thickness (mm) Mean 1.4 35 <0.001
Median 0.9 1.9
Range 0.1-35.0 0.2-15.0
Unknown - 8 (8%)
Ulceration* Present 81 44 (15%) 37 (46%) <0.001
Absent 288 244 (85%) 44 (54%)
Location of melanoma** Foot 75 49 (17%) 26 (28%) <0.001
Lower leg 159 112 (39%) 47 (52%)
Thigh 145 127 (44%) 18 (20%)
Number of ITM 1-5 34 (36%)
6-10 18 (19%)
11-20 14 (15%)
>20 15 (16%)
Unknown 13 (14%)
ITM localization** Only proximal of melanoma 46 (80%)
Distal and proximal of melanoma 9 (20%)
Time between melanoma and first Mean 34
ITM [months]
Median 19
Range 0-244
Images (including MUP) 3D photography 29 (31%)
Conventional photography 32 (34%)
No evaluable images available 33 (35%)

ITM, in-transit metastasis; SSM, superficial spreading melanoma; NM, nodular melanoma; ALM, acral lentiginous melanoma; NOS, not otherwise specified; MUP, melanoma of unknown primary;
3D, three-dimensional.

*Ulceration status was unknown (n = 10) or a MUP was present (n = 3).

**MUP (n = 3). Characteristics of patients with melanoma of the lower extremity with in-transit metastases (1 = 94) compared to patients without recurrence of melanoma (1 = 288) with regard to
primary melanoma and in-transit metastases.
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Variables

Age range (years)

Upper normal Limit
HVs)

(mean + 2 SD)

(1) Men 7 14 10 3 27 -
(1) Women 7 15 19 8 42 -
(n) Total (right + left) 28 58 58 22 138 -
Mean = SP [median] 10.3£29[11 23.2+4.7(22) 36.3 4.0 [37 523 44.452] 292+13.5(29] -
Site Mean + SD [median]
Peripheral nerve CSA (mm?) Med CT 72£20(7.1 103103 [9.0) 10.7 £ 3.0 [10.0] 129£4.0(11.7) 10.9 % 3.3 [10.0] 102
uT 52+14(5] 7.0 1.8 7] 8.0+ 1.9 (7.9 9.1+4.5[8] 7.7£23[75) 9.8
UPT 53+15(52 65+ 1.5[6.6) 7217 (7] 82£32(7.0) 7.0£2.0(7) 93
CFFH 9.4 2.7 [10] 153 4.2 [14.6] 17.545.1[16.5] 154 £ 4.1 [14.4] 16.2 4.6 [15.3] 18.3
T 6.4+ 1.8 [6.9] 8.1£2.4 (8] 9.8+£28(98 9.3£3.4(8.0 9.0+£28[87 -
ACSA (mm?) Med CT 1.3£1.3[1.0] 2.0+ 1.2 [2.0] L4+ 111 28+£3.5[L5 1.8 £ 1.8 [1.2] 22
uT 0.7 % 0.6 [0.9] L3+ 15[1 1.3 £ 1.1 [1.0] 1.8 £ 1.2 [2.0] 1.4 £ 1.2 [1.0] 3.1
UPT 0740905 13£12(1 15+ 13 (10 19+ 1.8[1] 1.5+ 1410 14
CFFH 17£17[1) 2943217 3231 [2] 19+ 1.4[2] 28+29[2] 23
T 1L0£10[1]) 17£18(14 1.8 2.0 [L.0] 14+ 15 (1.0 1.7+ 18 (1.0 -
ATpT (mm?) Ulnar (UT and UPT) 0.7 £ 0.6 [0.9] L1£09(1 13+ 141 2.1 19(L5] 13£13(1] 26
Analysis of new neural sites
Total n = 48 6 10 26 6 42 =
Peripheral nerve CSA (mm?) Med pCT 4.9+ 0.87 [4.6] 79423(7.2] 8.4420(82] 11.6 £ 3.6 [10.3] 8.7426(83] -
ACSA (mm2) Med pCT 0.740.7 [0.4] 154 1.1[09] 13£17(0.7) 28+33(17] 1.5+ 1.8(0.9] -
ATpT (mm?) - Median (CT and pCT) 0.9£09[0.8] 1.6+ 1.0(1.4] 28+22[28] 40£29(38] 27£22[23] -
Total n =76 10 28 32 6 66 -
Peripheral nerve CSA (mm?) CFpFH 744+22(7.0] 139+ 3.4(148) 17.0£4.4[158] 197 £57[18.3] 159+ 4.4[155) -
ACSA (mm2) CFpFH 1.1£09[1.0) 24£22(13) 28+23[25] 63+3.6(63] 29+26[20] -
ATpT (mm?) Fibular common (FH e pFH) 0.6£0.7[0.3] 29+28(2) 2.8+28(2.0] 3.9+26(43) 29+28(20] -

Data are reported as mean = standard deviation and median (mm2). (), number; Med, median; CT, carpal tunnel; pCT, proximal to the carpal tunnel; UT, ulnar tunnel; UPT, ulnar pre-tunnel; CEFH, common fibular in the fibula head; T, tibial; CFpEH,
common fibular proximal to the fibular head; ACSA, difference between the right and left nerves at the same site of assessment; ATpT, difference between the same nerve at different sites; HV', healthy volunteers; HHCs, household contacts of patients

with HD.
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Variables N

Sex Male 34 41.46
Female 49 58.54
Age (years) 04a15 14 17.07
15260 69 82.93
Region of origin North 48 58.54
Northeast 11 1341
Southeast 23 28.05
Anti-PGL 1 Negative (0.47 £ 0.32) 20 24.39
Positive (2.85 + 3.96) 8 9.76
Not rated 54 65.85
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Ulnar Nerve: longitudinal panoramic view
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First author and journal Publication Study Number of Numberof Control characteristics

date population patients controls
(Y/N)*

Abdallah, J Cosmet Dermatol 2020 Onychomycosis 40 N

Ankad, Indian Dermatol Online 2020 Onychomyc 20 Y, 40 asis (1 = 35), traumatic
onycholysis (= 5)

Bhat, Dermatol Pract Concept 2018 Onychomycosis 81 N

Bodman, ] Am Podiatr Med Assoc 2017 Onychomycosis 35 Y17 Mycologically negative nails

Chetana, Int ] Dermatol 2018 Onychomycosis 234 N

De Crignis, Int ] Dermatol 2014 Onychomycosis 336 N

El-Hoshy, Eur ] Dermatol 2015 Onychomycosis 40 Y, 40 Healthy nails

Elfar, ] Egypt Women Dermatol 2015 Onychomycosis 17 Y,15 Traumatic onycholysis (1 = 9),
dermatophyte-negative psoriasis (1 = 6)

Elmas, Postepy Dermatol Alergol 2020 Fungal melanonychia 42 N

Islamoglu, Erciyes Med | 2019 Onychomycosis 100 N

Jesus-Silva, Dermatol Pract Concept 2015 Onychomycosis 155 N

Jo, Br ] Dermatol 2018 Onychomyco 30 Y,30 Trachyonychia

Kayarkatte, Indian ] Dermatol Venereol Leprol 2020 Onychomyc 88 Y12 Mycologically negative nails

Kaynak, Arch Dermatol 2018 Onychomycosis 149 Y, 56 Mycologically negative nails

Kilinc Karaarslan, Clin Exp Dermatol 2015 Fungal melanonychia 20 N

Kim, Ann Dermatol 2020 Fungal melanonychia 20 14 Subungual melanoma

Maatouk, Curr Med Mycol 2019 Onychomycosis 45 N

Nada, Arch Dermatol 2020 Onychomycosis 80 Y, 40 Healthy nails

Nargis, Indian Dermatol Online | 2018 Onychomycosis 60 N

Ohn, ] Am Acad Dermatol 2016 Fungal melanonychia 18 Y,62 Nail matrix naevus (1 = 27), melanoma
(n= 11), melanocytic activation (n = 24)

Piraccini, ] Eur Acad Dermatol Venereol 2013 Onychomycosis 37 Y,13 Traumatic onycholysis

Ramos Pinheiro, ] Eur Acad Dermatol 2020 Onychomycosis 110 Y,82 Traumatic onycholysis

Starace, Mycoses 2021 Fungal melanonychia 48 N

Yadav, Indian ] Dermatol 2016 Onychomycosis 36 Y, 10 Nail psoriasis
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Variables

Sex

Age (years)

Region of origin.

Classification of Hansen’s disease

Anti-PGL 1

Mean Anti-PGL 1 index

Male
Female
a-14
15-60
60-81
North
Northeast
Southeast
DD
DT
DV
1
PN
T
v
Negative (0.47 £ 0.32)
Positive (2.85 & 3.96)
Not determined
149285

N

13
121

159
36
18

86
64
84
150

%

4829
5171
1624
7521
855
3077
2863
40.60
67.95
15.38
7.69
214
214
171
299
3675
2735
3590
64.10

DD, dimorphic-dimorphic; HDT, dimorphic-tuberculoid: DY; dimorphic-Virchoian;

I, tuberculoid; VL, virchowian.
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Variables ~Age range (years) 4-14 15-30 31-45 46-60 62-81 Sample Upper limit
(HVs)
(15-60 years) (mean + 2SD)

() Men 14 21 36 2 14 85 -
(n) Women 2 38 2 24 6 91 -
() Total (Right + Left) 76 124 130 98 40 352 -
Mean D [median]  103:£28[11]  223£49(22] 370£40(37) 522£42(52] 69952(69] 361 12.6(36] -
Site Mean = SD [median]
Peripheral Med CT 78422(7)  101£28(10) 110£28(109] 121£32(12) 113£33(11] 110£30(107] 102
nerves
ur 57£18(5) 78£31(7)  83£30[8]  9132(9) 108£41(10] 83£32(79) 98
UPT 53£185) 79449(7)  93£69(7) 974585 114£73[94] 89577 93
CFEH 104£39(10]  159£52(15] 18964 (18] 212£7.0(207) 195£65(17.8] 184£65(17) 183
T 68+2.1(7] 924+42[9] 11.5+49(10.6] 128+5.0(11.9] 140+70(11.8] 11.0+49(10] 9.6
ACSA (mn?) Med CT 13£13(10]  17£16(10] 15£13(1]  26£21[2) 28£20[26] 191813 22
ur L1121 L8£17(1]  19£18(12) 18+15019] 17£23[1]  19%17(12) 31
UPT 10408 (1] L6£18[1] 25£50[L1] 25£43(1]  28£26[2] 22%39[10] 14
CFFH 154 15[1) 23425(13] 36+59[2) 38+37[3] 42436[43] 32+44[2) 23
T L1£12(1) L4£16[1]  23£30(20] 29%31[20] 38£30(24] 21%27[11] -
ATPT (mm?)  Ulnar (UTand UPT) 09 1.1[1] 18£29(1] 2745101 22£32(13] 33£45(18]  22£39(1] 26
Analysis of Total n = 100 16 34 62 62 2 158 -
new neural
sites
Peripheral Med FA 64£20(67)  95%£37(83] 9.9£34(90) 98:£24[99] 130%123[104] 98:£3.1(93) -
nerves
ACSA (m?) Med FA 16 1L1(15]  19%19(16] 22£20(14] 15£15(12) S58x13[31] 191813 -
ATPT (mm®)  Median (CTandFA) 15+ 10(14]  24£20(17] 25£20[18] 29+24(20] 54£96(32] 26£22(19) -
Total n= 151 2 8 102 80 30 250 -
Pripheral CFTH 93:£32(89] 14547 (139] 178:£68(16] 188:£52(185] 183£68(173] 172:£60(16] -
nerve
ACSA (mm2) CFTH 12£14[06] 18+ 16(1L6] 43£47(35] 38%38(30] S58+43[47) 3439022 -
ATPT (mm?)  Fibular (CF and TH) 12:£09(1) 264£26(2) 36+34[24] 35£26[28] 35£29(28] 332924 -

(1), number; Med, median; CT, carpal tunnel; UT, ulnar tunnel; UPT, ulnar pretun
ACSA, difference betwveen the right and left nerves at the same site of assessment; A’
Data are reported as mean = standard deviation, and mean (mm?).

'H, common fibular in the fibula b ial; FA, forearm;
[ difference between the same nerve at different sites.

H, common fibular thigh;
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