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Abstract

:

Background: Psoriasis is one of the most commonly recognized dermatological diseases, characterized by distinct structural changes, hyperproliferation and inflammation. The aim of the study was quantitative comparisons of psoriatic skin with skin without psoriatic lesions by non-invasive imaging methods. Methods: 71 patients diagnosed with psoriasis vulgaris underwent non-invasive imaging of skin at the site of the psoriatic lesion and at the site without such lesion. Skin density, epidermis thickness and subepidermal low-echogenic band (SLEB) thickness were measured by high-resolution ultrasound (HFU). Blood perfusion was assessed using laser speckle contrast analysis (LASCA) and skin temperature was measured by thermal imaging camera. Hyperspectral camera was used to obtain spectral reflectance profiles in psoriatic lesion and skin without psoriatic changes. Results: The greatest differences in skin density and epidermal thickness between psoriatic and unchanged skin were observed on the forearms. The skin covered with psoriatic plaques was 80% less dense, and the epidermis in this area was 121% thicker. The greatest thickness of SLEB was observed in the knee area (Me = 0.389 mm). Skin with psoriatic lesions is characterized by a higher temperature (Me = 33.6 vs. Me = 31) and blood perfusion than skin without psoriasis (Me = 98.76 vs. Me = 50.65). Skin without psoriasis shows lower reflectance than psoriatic lesion from 623 nm to 1000 nm; below this value, skin without psoriatic lesion shows higher reflectance. Conclusions: Skin density and epidermis thickness, skin blood perfusion, temperature and reflectance can be useful parameters for monitoring the course of psoriasis and its treatment, especially since the examination of psoriatic skin with proposed methods is non-invasive, quantitative and easy to perform in clinical conditions.
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1. Introduction


Psoriasis is one of the most commonly recognized dermatological diseases. It affects 1–4% of the general population. The aetiology of psoriasis is not fully understood; its symptoms are known to be influenced by genetic, environmental and immunological factors. It is characterized by a chronic, unpredictable, inflammatory course with multiple relapses and no possibility of complete recovery [1,2,3,4]. A characteristic lesion is related to the increased epidermal proliferation and abnormal differentiation of keratinocytes, which is manifested by the presence of psoriatic plaques on the skin surface (Figure 1). Their location may vary, most often they occur on elbows, knees, back and hairy scalp [5,6].



Epidermal proliferation is disturbed during the course of psoriasis. The passage time of keratinocytes from the basal layer to the stratum corneum is reduced eightfold. Physiologically, this process takes 30 days, and in patients with psoriasis it is shortened to 3–6 days [7,8,9]. The effect of the accelerated migration of keratinocytes is parakeratosis, which is the presence of nuclei in the cells of the stratum corneum. The pathomorphological image also shows agranulosis (atrophy of the granular layer), acanthosis (hypertrophy of the spinous layer) and papillomatosis (elongation of epidermal icicles). In addition, inflammatory cells are infiltrated and Munro micro-nodes are formed [5,10].



A red-brown papule covered with shiny, silvery scales, clearly demarcated from the surrounding area, constitutes the primary eruption. The circumferentially spreading lesions merge with each other to form dense ring-shaped structures. The skin around small eruptions sometimes turns white as a result of vasoconstriction forming the so-called Woronoff ring [11,12,13].



The lesions in the epidermis and dermis are accompanied by increased angiogenesis. Angiogenesis in psoriasis may be an inducer of psoriasis development. The number of vascular loops within psoriatic lesions grows significantly and blood flow increases. The vessels are twisted, serpentine and lignified. Additionally, gaps are formed in the vascular endothelium, which enables migration of inflammatory cells. The diseased vessels return to their physiological state within 1–9 months after the disappearance of psoriatic eruptions [6,14]. A comparison of healthy skin with skin lesions in the course of psoriasis is presented in Table 1.



The aim of the study was to develop new methods of quantifying the severity of changes in the course of psoriasis. The present research focused on skin parameters which follow from the pathogenesis of psoriasis. Quantitative assessment of psoriatic lesion in the course of psoriasis may allow for: (i) more effective selection of the optimal therapy, (ii) more effective evaluation of the therapeutic methods, (iii) assessment of changes regardless of the observer, (iv) assessment of changes with high reproducibility, (v) verification of the dynamics of lesions, even of slight intensity (slight difference). Moreover, the quantitative assessment of changes may contribute to attempts to correlate the intensity of the psoriatic lesion in quantitative terms with the currently used qualitative and semi-quantitative scales (e.g., PASI(Psoriasis Area Severity Index)). It should be noted that, so far, previous publications have not contained information on the use of hyperspectral imaging and LASCA perfusion measurement.




2. Materials and Methods


2.1. Participants


Seventy-one patients (38 men, mean age 44 ± 16 and 33 women, mean age 43 ± 17) were selected for the study. The inclusion conditions were as follows: active psoriasis vulgaris, no other related autoimmune diseases, pre-treatment status or post-treatment remission.



2.1.1. Skin Density and Epidermis Thickness Measurements


DUB SkinScanner high-frequency ultrasonography in B-scan projection with a 33 MHz probe with a maximum skin penetration of 6 mm and an axial resolution of 42 µm was used to examine skin density and epidermis thickness (entrance echo). Patients were subjected to high-frequency ultrasound (HFUS) imaging of skin within active lesions as well as within surrounding skin areas without any signs of psoriatic lesions on the elbows, calves and back (Figure 1). Among the images of the affected skin, the sub-epidermal low-echogenic band (SLEB) was also measured. Epidermal thickness was defined as the distance from the outermost epidermis to the interface between the epidermis and the dermis on B-mode imaging. Skin density measures were determined by using the “region of interest” (ROI) function in the DUB SkinScanner software. Three ROI of equal dimensions were delineated to encompass the largest area possible of the dermis and then the average result was used for calculations. SLEB thickness was measured by designation on the ultrasound image line between the beginning and the end of that structure.




2.1.2. Blood Perfusion Measurements


PeriCam PSI System with near infrared (NIR) laser (785 nm) used to provide non-invasive, real-time measurements of blood perfusion (Figure 2). PeriCam PSI based on laser speckle contrast analysis (LASCA) technology, otherwise known as laser speckle contrast imaging. Data analysis was carried out using the PimSoft software version 1.5 (Perimed AB, Järfälla, Sweden). The PSI parameter was set as follows: Image acquisition rate—21 frames per second; spatial resolution—0.12 mm; head working distance—12 ± 1 cm.




2.1.3. Skin Temperature Measurements


Thermographic analysis was carried out with a thermal imaging camera FLIR T420, of the FLIR Systems Company, Sweden (Figure 3). The thermal resolution of the camera was <0.045 °C; the wavelength range was 7.5–13 μm; the resolution of the obtained image was 320 × 240 pixels. FLIR ResearchIR software, version 3.5 (FLIR® Systems, Inc., Wilsonville, OR, USA) was used for data analysis. Measurements were taken for the emissivity of the skin, which equals 0.98. The room temperature during the experiment was controlled at about 21 ± 1 °C and relative humidity was maintained at 50–60%.




2.1.4. Hyperspectral Measurements


Hyperspectral camera Specim IQ (Spectral Imaging Ltd., Oulu, Finland) were used to compare psoriatic skin and skin without psoriatic plaque. We obtained images with a resolution of 512 × 512 pixels and 204 spectral bands across the wavelength range 400–1000 nm. Spectral image processing was performed using the method developed by Robert Koprowski et al. [15]; image analysis, conversion of raw data into a matrix and extraction of the selected features in the MATLAB program were carried out. Spectral characteristics were obtained for psoriatic lesion and skin without psoriatic changes (Figure 4).




2.1.5. Statistical Analysis


Data analyses were performed using Statistica 13.3 ((TIBCO Software, Palo Alto, CA, USA) and OriginLab 2020 (OriginLab Corporation, MA, USA). Distribution normality was assessed using the Shapiro–Wilk W test and a quantile–quantile plot. The Wilcoxon signed-rank test was used to analyze perfusion differences between skin with and without psoriatic lesion. One-way analysis of variance (ANOVA) was applied to analyze data between the skin temperature in the area of psoriatic lesion and skin without psoriatic changes and to compare differences in the skin density and epidermal thickness. Possible correlations between skin density and epidermis thicknesses were analyzed by performing Spearman’s rank correlation coefficient. The level of statistical significance was assumed to be α = 0.05.






3. Results


Comparison of dermal echo-density between skin with psoriatic lesion and skin without any psoriatic changes showed that skin density was statistically significantly lower in psoriatic skin in all examined areas (p = 0.0003). The smallest difference in density between skin without psoriatic plaque and psoriatic skin was observed on the abdomen. On the abdomen, the skin covered with psoriatic plaques was 66% less dense than the skin without psoriasis. The highest difference in density between skin without psoriatic plaque and psoriatic skin was observed on the forearm, where psoriatic skin was 80% less dense than skin without psoriatic plaque (Figure 5).



The epidermal entrance echo thickness was statistically significantly higher in psoriatic skin than skin without psoriatic lesion in all sites (p = 0.2570). The smallest difference in thickness between skin without psoriatic plaque and psoriatic skin was observed on the elbow. On the elbow, the epidermal covered area with psoriatic plaques was 57% thicker than the skin without psoriasis. The highest difference in epidermal thickness between skin without psoriatic plaque and psoriatic skin was observed on the forearm. Epidermal on the forearm was 121% thicker on the area with psoriatic lesion than on the area without any changes.



Highly significant negative correlations between epidermis thickness and skin density were found (p = 0.001).



In analyzed sonograms obtained from lesional skin, we found the presence of SLEB bordered between hyperechoic entrance echo and surrounding skin. The greatest thickness of SLEB was observed in the knee area (Me = 0.389 mm), and the smallest in the abdomen area (Me = 0.313 mm).



Analysis of the blood perfusion showed statistically significant differences between the skin without psoriatic lesion and lesional psoriatic skin (p < 0.001). Psoriatic skin was characterized by greater perfusion (Me = 98.76) than skin without psoriasis lesions (Me = 50.65) (Figure 6).



Analysis of the collected thermograms showed statistically significant differences between the image of the skin without psoriatic lesion and lesional psoriatic skin (p < 0.05). The skin with psoriasis was characterized by a higher temperature than the skin without psoriasis lesions. The difference between these areas was 2.6 °C (Figure 6).



Reflectance of the skin represents the proportion of incoming light reflected from the skin, and ranges from 0 (no reflection) to 1 (total reflection). Psoriatic skin and skin without psoriatic lesion reflectance level are plotted in Figure 7. The skin without psoriatic and psoriatic lesion spectra had absorption peaks in similar ranges. Upward-going peaks (at 520 nm, 570 nm and 720 nm) downward-going peaks (at 430 nm, 550 nm and 589 nm) can be observed. The reflectance spectra of psoriatic skin show greater dips at around 400 to 430 nm, 520 nm to 550 nm and 580 to 589 nm than skin without psoriatic lesion. Reflectance spectra of skin without psoriasis region >623 nm exhibit lower reflectance than psoriatic skin.




4. Discussion


In recent years, great progress has been made in diagnostic methods used in dermatology. Scientists have been able to study skin using new imaging techniques [16]. However, high-frequency ultrasound of skin (HFUS), one of the oldest visualization methods used in dermatology, still enjoys unflagging popularity as a quick and relatively cheap method of in vivo testing. The possibility of real-time imaging, measurements of morphological and physiological parameters of the skin, safety, and the lack of contraindications to its use are other advantages of skin sonography. Ultrasound imaging is performed in order to evaluate healthy and diseased skin as well as to monitor the changes taking place in the tissue [17,18].



Psoriatic skin is characterized by distinct changes in structure, resulting from the underlying inflammation. Research to date shows increased thickness and reduced density of psoriatic skin compared to non-lesional skin [19]. When studying the healthy skin and psoriatic skin in the palm area, El Gammal et al. [20] observed clear differences between their entry echoes. It is less echogenic in healthy skin compared to psoriatic skin. Somlea et al. [21], in their study using 20-MHz HFUS, (Cortex Technology, Hadsund, Denmark)also confirmed that psoriatic skin is characterized by a greater epidermal thickness and lower dermal echogenicity than healthy skin, as well as the presence of SLEB, which is consistent with the results of our study.



Yazdanparast et al. [22] showed statistically significant epidermis thickness and skin density differences between the skin without psoriatic plaques and lesional psoriatic skin. The density of lesional psoriatic skin was 65% lower and epidermis thickness was 87% higher than skin without any signs of psoriatic lesions. The epidermis in the psoriatic plaques area is hyperkeratotic and does not exfoliate properly. The sub-epidermal low-echogenic band can be observed in ultrasound images, which is the result of swelling and inflammatory infiltration observed in inflammatory diseases.



There is a significant correlation between the ultrasonic thickness and the histometric thickness of acanthosis with the infiltration of the dermis [20]. High-frequency ultrasound image results correlate with skin biopsy results. This conclusion by El Gammal et al. [20] was confirmed by the research of Khlebnikova et al. [23]. They conducted a comparative study of the basal cell carcinoma spread depth measured with 30 MHz and 75 MHz HFUS and histomorphometry. This allowed assessment of the effectiveness of determining the size and depth of penetration of the basal cell carcinoma [23]. This means that high-frequency ultrasound examinations can replace skin biopsy. As a result, it will be possible to frequently monitor the skin and the progress of therapy, which is impossible in the case of skin biopsy (invasive procedure).



In inflammatory skin diseases (eczema, atopic dermatitis, psoriasis), SLEB of various thicknesses and reduced echogenicity of other layers of the dermis can be observed. The lower skin echogenicity mainly results from skin swelling and infiltration of inflammatory cells. Skin swelling, due to the presence of water, increases the distance between collagen fibres, reducing tissue density [17]. The increase in SLEB in psoriatic lesions indicates the intensity of the inflammatory basis, and is not a specific marker of psoriasis.



Ultrasound images of sites affected by psoriatic lesions showed a thickened entry echo and streaked shadows perpendicular to the entry echo, probably caused by air bubbles trapped among psoriatic plaques. In addition, the total skin thickness within the psoriatic plaque is increased, and its reduction under the influence of applied therapy can be objectively visualized [17]. The epidermis is thickened and hyperechoic because the superficial scales produce a hyper-reflective epidermal band [24].



Abnormalities in the superficial capillary vessels present in psoriatic lesions contribute to the difference in blood flow. Blood flow is elevated in skin with psoriatic plaques compared to non-lesional skin. The raised blood flow is considered to be a result of an increase in the vessel number, their diameter and their length within plaques of psoriasis. Previous measurements of blood fusion within psoriatic lesions have been performed using the Laser Doppler Imaging (LDI) or Laser Doppler Perfusion Imaging (LDPI) methods. A. G. M. Hendriks et al. used LDPI methods to monitor the course of psoriatic topical treatment by calcipotriol-betamethasone dipropionate [25]. A. K. Murray et al. [26] investigated different components of the microcirculation in the skin with and without psoriatic lesion, using dual wavelength Laser Doppler Imaging (LDI). Their results suggest an area of increased blood perfusion for deeper (large) and superficial (small) vessels in skin adjacent to plaques compared with nonadjacent skin. In our study, we used the LASCA method to measure skin perfusion in psoriatic skin and skin without psoriatic lesion. That provided an opportunity to thoroughly monitor the blood flow perfusion and any given point of the process providing us with an image view as well as a blood flow curve. LDPI works in scanning mode, taking up to several minutes for acquisition of a full perfusion map, while the LASCA method is simpler and cheaper compared to the LDPI technique, and could be used for full-field monitoring of skin perfusion [27,28].



Elevated blood flow in a psoriatic lesion causes an increase in skin temperature in their area. Raman et al. [29], using thermal imaging and GLCM feature extraction, showed mean average temperature difference between the normal sort and psoriasis was found to be 2.91 °C on the upper limb region. Zalewska et al. [30] evaluated the usefulness of thermography in the estimation of psoriatic lesion activity. Montero-Vilchez et al. [31] measured a skin temperature using SkinThermometer (ST 500, Mirocaya, Bilbao, Spain) and compared temperature between healthy skin and psoriatic skin. The thermal imaging camera used in our study provides a more accurate result than the skin temperature measurement with the SkinThermometer and additionally provides information on skin temperature distribution.



The absorption of light in the epidermis is mainly due to the melanin concentration; in the dermis, it is influenced by the blood-borne pigments (oxy- and deoxy-hemoglobin) and water. Transportation of light through the skin tissue incurs numerous diffusions from the tissue surface and absorption in the chromophores [32]. A change in the level of chromophores can be detected during the reflectance determination. Analysis of the reflectance spectra may provide the data providing information on tissue activities associated with human skin chromophores [33]. Skin disorders like psoriasis, related to inflammation and the accumulation of melanin and hemoglobin, can be monitored using hyperspectral imaging.



Psoriatic lesions increase the reflectance from about 623 nm. Below this value, unchanged skin shows higher reflectance. This may indicate that hypercatotic lesions (psoriasis plaque) make the radiation in the wavelength range 400–623 nm penetrate deeper into the skin more efficiently, while from about 623 nm the psoriatic lesions reverse this tendency. In view of the above, changes in skin reflectance in this case may be related to two factors: changes in the content of skin chromophores within psoriatic lesions (e.g., increased hemoglobin content due to inflammation) and/or changes in the skin structure determining differences in scattering radiation on the surface of the skin. According to the Rayleigh scattering law, the intensity of light scattering varies inversely as a quarter of the wavelength of the height (~ λ−4). Compared to longer wavelengths, shorter wavelengths are diffused more efficiently and thus can be reflected more effectively. This indicates that skin without psoriatic skin diffuses (reflects) radiation more efficiently than psoriatic skin but only up to a wavelength of about 623 nm. From 623 nm to 1000 nm, psoriatic skin scatters (reflects) radiation more efficiently. This may be related, as mentioned earlier, to two parallel phenomena. For lower wavelengths, there is increased scattering according to Rayleigh’s law, where the scattering factor ks is equal to:


   k s  =     2  π 5   3  m  (     n 2  − 1    n 2  + 2    )     d 6     λ 4     








where



	
m—the number of scattering particles



	
d—particles diameter



	
n—refractive index



	
λ—wavelength






According to the above formula, as the scattering particle size increases, the scattering coefficient increases. Thus, the increase in the size of cells in the course of psoriatic lesions (above 623 nm) will probably be responsible for part of the changes in the hyperspectral spectrum; keratinocytes in the course of psoriasis are larger and have a cell nucleus. However, the difference in reflectance for healthy and diseased skin in the spectrum range between 400 and 630 nm may be caused by the phenomenon of more effective absorption of radiation by skin chromophores accumulated in lesions—all hemoglobin.



Our research proves that skin without psoriatic lesion shows higher reflectance spectra of 400 nm to 623 nm than psoriatic lesion, which indicates that psoriatic lesion has a higher amount of hemoglobin compared to normal skin.



Limitations of This Study


	
This study includes only people of the Polish population;



	
The study did not include patients with scalp psoriasis.








5. Conclusions


In conclusion, HFUS, LASCA technology and thermal imaging are important non-invasive methods, which complete the clinical diagnosis in dermatosis. HFUS allows monitoring of psoriasis, which will provide a real morphological image of psoriatic skin lesions. Ultrasonography enables monitoring of the course of the disease, its severity and the skin response to treatment. Additionally, it is a non-invasive method, positively correlating with biopsy. It is worth using high-frequency ultrasound in everyday practice because it is fast, safe and relatively cheap. The blood flow in psoriatic skin is different from that in healthy skin. LASCA technology makes it possible to measure the microvascularization of a skin area and allows analysis of cutaneous microvascular hemodynamics. LASCA technology studies and follows the inflammation through the duration which may be important in the course of psoriasis therapy. Observation of changes in blood perfusion may help in selecting the appropriate dermatological treatment and enable doctors to react before changes are visible on skin. Thermal imaging can detect skin inflammation and increased heat from a localized area would suggest pathology. Hyperspectral imaging can provide data about skin reflectance and may be useful in monitoring the effectiveness of the psoriasis therapy. It could be envisioned as a complementary diagnostic method to assess the development of the psoriatic skin.
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Figure 1. HFU of the skin without psoriatic plaques (a) and skin covered with psoriatic plaques (b). 
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Figure 2. LASCA perfusion map representing the skin without psoriatic lesion (ROI 1) and psoriatic lesion (ROI 2) (a). Clinical photography corresponding to the measured area (b) time evolution of the perfusion in the two ROI shown in image a (c). 
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Figure 3. Thermograms of patient with psoriatic lesion (a) and clinical photography of that area (b). 
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Figure 4. Subchannel images captured by the hyperspectral camera from a psoriatic skin under halogen light illumination: (a) 574 nm, (b) 596 nm, (c) 636 nm, (d) 701 nm. 
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Figure 5. Density of the skin without psoriatic plaques and psoriatic lesion (a). Thickness of the epidermis without psoriatic plaques and psoriatic skin: median, interquartile range, min–max (b). Thickness of the SLEB determined using high-resolution ultrasound: median, interquartile range, min–max (c). 
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Figure 6. The LASCA results of the blood perfusion of the psoriatic skin and skin without psoriatic lesion (a). The result of the measured skin temperature of psoriatic skin and skin without psoriatic lesion (b). 
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Figure 7. Comparison of reflectance profiles in psoriatic lesion and skin without psoriatic changes in the spectral range 400–1000 nm. 
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Table 1. List of skin lesions in psoriasis.
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	Features
	Healthy Skin
	Psoriatic Skin





	Keratinocyte transit time from the basal layer to the stratum corneum
	28 days
	3–4 days



	Presence of nuclei in the cells of the stratum corneum
	Absent
	Present



	Granular layer
	Present
	Disappears



	Spinous layer
	Unchanged
	Thicker



	The amount of mitosis in the basal layer
	Unchanged
	Greater



	Epidermal icicles
	Unchanged
	Elongated



	Number of inflammatory cells
	Absent
	Elevated



	Blood vessels
	Correct, tight
	Twisted, leaky, with a larger diameter of the vessel lumen, extravasation
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