

  photonics-08-00404




photonics-08-00404







Photonics 2021, 8(9), 404; doi:10.3390/photonics8090404




Article



Characterization of Collagen I Fiber Thickness, Density, and Orientation in the Human Skin In Vivo Using Second-Harmonic Generation Imaging



Marius Kröger[image: Orcid], Johannes Schleusener, Sora Jung † and Maxim E. Darvin *,†[image: Orcid]





Department of Dermatology, Venerology and Allergology, Charité-Universitätsmedizin Berlin, Corporate Member of Freie Universität Berlin and Humboldt-Universität zu Berlin, Charitéplatz 1, 10117 Berlin, Germany









*



Correspondence: maxim.darvin@charite.de






†



These authors contributed equally to this work.









Received: 31 August 2021 / Accepted: 20 September 2021 / Published: 21 September 2021



Abstract

:

The assessment of dermal alterations is necessary to monitor skin aging, cancer, and other skin diseases and alterations. The gold standard of morphologic diagnostics is still histopathology. Here, we proposed parameters to distinguish morphologically different collagen I structures in the extracellular matrix and to characterize varying collagen I structures in the skin with similar SAAID (SHG-to-AF Aging Index of Dermis, SHG—second-harmonic generation; AF—autofluorescence) values. Test datasets for the papillary and reticular extracellular matrix from images in 24 female subjects, 36 to 50 years of age, were generated. Parameters for SAAID, edge detection, and fast Fourier transformation directionality were determined. Additionally, textural analyses based on the grey level co-occurrence matrix (GLCM) were conducted. At first, changes in the GLCM parameters were determined in the native greyscale images and, furthermore, in the Hilbert-transformed images. Our results demonstrate a robust set of parameters for noninvasive in vivo classification for morphologically different collagen I structures in the skin, with similar and different SAAID values. We anticipate our method to enable an automated prevention and monitoring system with an age- and gender-specific algorithm.
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1. Introduction


Collagen is a dermal protein made of scleroproteins. In addition, 28 different subtypes of collagen can be found throughout the human body as structural components of, among others, tendons, cartilage, and skin, but also bones and teeth. The main collagens in the human skin are type I, III, XII, and XIV collagen [1]. In human skin, collagens of types I and III are mainly found in scaffolding structures [2,3] and are synthesized by fibroblasts [4,5].



The relative amount of dermal collagen I can be used as an indicator for skin damage and skin aging [6,7] due to intrinsic aging processes and UV exposure [8,9]. In earlier studies, it was shown that collagen I and III change in distribution and density [10]. Healthy skin of younger subjects shows interwoven structures with voids and contains higher concentrations of collagen I than aged skin [11]. Aged or symptomatic skin from diabetes or excessive UV exposure exhibits thinner fibers and less interwoven collagen I structures [6,12]. In healthy skin, collagen I structures show a unique pattern [13,14] with no significant directionality [15]. Yet, it is known that the directionality has a direct influence on skin parameters, such as elasticity and plasticity [16]. Genetic disorders affecting collagen synthesis can result in different characteristic diseases, depending on the affected collagen type, such as Ehlers-Danlos syndrome [17,18] or Goodpasture syndrome [19]. Moreover, changes in the collagen composition or morphology can be found in, e.g., scar tissue, atrophic skin, diabetic skin, and scleroderma. Due to the noncentrosymmetric structure of collagen I, second-harmonic generation (SHG) is a suitable visualization strategy for imaging collagen I noninvasively in the papillary and reticular dermis [20,21]. Coupled with two-photon tomography [22] for enhanced imaging depth, it is ideal for this task.



For the use of noninvasive optical methods, comprehensive image analysis is required. The SHG-to-AF Aging Index of Dermis (SAAID), where the coefficient of autofluorescence (AF) to SHG signal is measured, was introduced for estimating the relative concentration of collagen I in the skin [23] and was applied in many previous investigations [9,11,20]. The SAAID is regularly used to quantify skin aging and the effect of topical and systemic formulations on collagen I in vivo [9,24]. It is known that, with aging, the amount of collagen I in the skin is reduced [11], which can be seen in the alteration of the SAAID. To determine the SAAID, an AF image acquisition is necessary, increasing computational effort and storage space.



Lehmann et al. [25] could show by electron microscopy that potent topical steroid therapy over several weeks leads to the reorganization of collagen I bundles, showing a less interwoven and more compact collagen I fiber organization, clinically correlating with steroid-induced skin atrophy. It was previously shown that steroid atrophy exhibits a higher SAAID compared to healthy skin in young male adults [26]. These results may be due to the more compact reorganization of collagen I bundles in the dermis with fewer voids and interwoven structures as described previously.



However, the SAAID only takes into account the total intensity of AF and SHG images, but is unaffected by the structural collagen I orientation.



The method for the description of orientation of collagen fibers is readily available by the eccentricity and direction of the ellipse as a result of the Fast Fourier Transformation (FFT). It is a quantitative method used in skin and tissues accessible by microscopy methods producing SHG. It was used in the dermis [27], aging skin [28], scar tissue [29], as well as in situ during skin stretching [30]. Another application is the quantification of collagen in the human optic nerve head [31].



Textural analysis based on the grey level co-occurrence matrix was introduced in 1973 by Haralick [32] and is perfectly suited for medical imaging, where the location and distribution of features matter. FFT can be used to assess directionality and evaluate the distribution of collagen I fiber size [33,34,35]. The Hilbert transform is a special form of Fourier transform [36]. It acts as an envelope function for images to amplify structures in the dermis.



In this study, we identified parameters that are relevant in categorizing dermal collagen I structures using a training set of dermal two-photon excited AF and SHG images and using different image analysis methods to identify relevant properties of aging and damaged dermal collagen I structures. These parameters could be used in addition to the SAAID index in practice to describe collagen I in dermatology and cosmetics. This can be useful in analyzing images with visually different collagen I structures, which, however, have comparable SAAID values and, thus, are not distinguishable with current methods.




2. Materials and Methods


2.1. Two-Photon Tomography


A two-photon tomograph (Dermainspect, JenLab GmbH, Jena, Germany) equipped with a tunable femtosecond Ti:sapphire laser (Mai Tai XF, Spectra Physics, Santa Clara, CA, USA, 710–920 nm, 100 fs pulses at a repetition rate of 80 MHz) was used for horizontal imaging of human skin in vivo down to the reticular dermis. Under the excitation wavelength at 760 nm, a 410–680 nm band pass filter was used to detect two-photon excited AF, and a 375–385 nm band pass filter was used to detect second-harmonic generation (SHG) signals at an excitation wavelength of 760 nm. The lateral and axial resolutions were <0.36 µm and <1.7 µm, respectively [37]. The utilized two-photon tomograph was previously described in detail by our group [38,39].




2.2. SHG-to-AF Aging Index of Dermis (SAAID)


The SAAID describes the ratio of the autofluorescence (AF) signal intensity, indicative for elastin, to the SHG signal intensity, indicative for collagen I [9], according to Equation (1).


SAAID = (SHG − AF)/(SHG + AF).



(1)







In this nomenclature, the SAAID decreases with photoaging, approaching −1 when the collagen I has been completely replaced by elastic fibers. For the SAAID analysis, the average SAAID value obtained for the transition zone between the stratum basale and the papillary dermis (typical depth between 40 and 80 µm for forearm skin) was used. The SAAID describes the relative intensity of collagen I to elastin [40] in the papillary and reticular dermis. It has to be considered that the SAAID provides arbitrary numeric values, which depend on the specific device. The values are evaluable within the conducted study, but not quantitatively comparable with the results obtained by other measuring devices in previous studies.




2.3. Grey Level Co-Occurrence Matrix (GLCM)


The grey level co-occurrence matrix (GLCM) describes the spatial relationship of adjacent pixels [41,42]. The GLCM is a quadratic matrix with a dimension equal to the amount of all possible grey values. The GLCM describes the density and number of pixels with intensity value i in spatial relation to pixels with intensity value j.



Four textural features were extracted from the GLCM. First, the contrast describes the intensity contrast between a pixel and its neighbor over the whole image, where the contrast is 0 for a constant image. The correlation describes how a pixel is correlated to its neighbor. It is 1 for a positively and −1 for a negatively correlated image. The correlation indicates a recurring pattern in the image. Energy or uniformity is the sum of squared elements in the GLCM and is 1 for a constant image, describing how much of the image is covered with features, and shows how the features and the span of grey values are distributed. The last property of the GLCM is the homogeneity. It describes the closeness of the distribution of elements in the GLCM to the GLCM diagonal and is 1 for a diagonal GLCM. Homogeneity indicates the density of features in an image.




2.4. Hilbert Transformation


The Hilbert transform is used for edge enhancement in image analysis [43] and has a relationship to the fractional Fourier transform [44]. A real function f(t) and its Hilbert transform bf(t) are related in such a way that they create a signal [45]. The signal has a phase and an amplitude. The Fourier transform of the strong analytic signal provides a one-sided spectrum in the frequency domain. A function and its Hilbert transform are orthogonal. The Hilbert transform is a one-dimensional operation and enhances edges in one direction only; for image processing, a two-dimensional mask with two-dimensional convolutions is used. Enhancing edges in images, recurring patterns are emphasized.




2.5. Directionality of Altered Extracellular Matrix


Changes in the extracellular matrix (ECM), especially collagen I structures, were measured by directionality as an indicator of skin alteration [46]. Collagen III mainly surrounds capillaries in the papillary dermis and has a low AF intensity and no SHG signal [3]. Therefore, it cannot be distinguished. Dermal collagen I in healthy intact skin was assumed to have no significant directionality, given the low age of the volunteers. The alteration of collagen I structures was processed by the SHG images; following binarization of the image, an FFT was performed, and the result was fitted with an ellipse consisting of the short axis a and the long axis b. The directionality parameter d is calculated as d = a/b, with a value of d = 1 indicating a higher directionality.




2.6. Statistical Analysis


TPE-FLIM data for all dermal components were recorded, descriptive statistics was applied, and directionality was processed using Matlab R2020b (MathWorks, Natick, MA, USA). All values are given as mean ± standard deviation.




2.7. Ethics


All volunteers enrolled in the study for intravital microscopy provided their written informed consent before participation. The study was approved by the ethics committee of the Charité—Universitätsmedizin Berlin (EA1-093-18).




2.8. Volunteers


All images were taken from the volar forearms of 24 female subjects, 36 to 50 years of age with skin types I–III according to Fitzpatrick [47] in healthy skin. Each measurement was repeated three times each. The skin was scanned down to a depth of 130 µm at 10 µm increments. The epidermis and both the papillary and reticular dermis were measured.





3. Results


3.1. Depth-Analysis of Human Skin with AF and SHG Detection Methods


The untreated healthy skin of n = 24 subjects was measured twice at time points two months apart using AF and SHG on the volar forearm, revealing significantly different ECM structures in the papillary and reticular dermis. SAAID values and textural GLCM feature values were averaged for all n = 24 subjects from 10 to 130 µm in depth as a baseline to establish rules for training dataset construction. The analysis of the training dataset groups follows in the next section.



The SAAID in Figure 1 shows a sharp increase between 60 and 85 µm in the papillary dermis region of the volar forearm from 0.3 to 0.8 and is relatively stable above 90 µm at a value of 0.85 ± 0.05. The AF is lower in the papillary dermis compared to the epidermis, due to the lower density of highly fluorescent cells [39] and the natural decrease in laser power with depth. The small deviations in SAAID throughout the dermis are mainly related to changes in the elastin concentration.



These findings are reflected in the GLCM analysis up to 130 µm shown in Figure 2. The parameters are contrast, correlation, homogeneity, and energy. In the papillary dermis of the forearm between 60 and 85 µm, the contrast and energy are decreasing, while the correlation and homogeneity are increasing toward greater depth. Maxima in the reticular dermis region of 85–130 µm can be found for correlation and homogeneity and minima are observed for contrast and energy.



On further visual inspection of the SHG images in the papillary and reticular dermis regions, two specific collagen I structures are recognized. The first collagen I fibers are thinner (3 ± 2 µm) and interconnected without a preferred orientation of the fibers (Figure 3a,c), and the second are thicker (8 ± 3 µm) collagen I fibers that are more independent, often with a preferred orientation of the fibers (Figure 3b,d). The difference between the papillary and reticular ECM is in collagen I density and intensity of the SHG signal.



For an ECM classification, the papillary dermis must be separated from the reticular dermis for higher specificity and sensitivity [9].




3.2. Construction of Training Datasets of Thin, Convoluted Collagen Structures and Thick, Oriented Collagen Structures


Four independent datasets were constructed for the investigation of extracellular changes in collagen I structures in the human dermis. All images were 512 × 512 pixel, 8-bit greyscale images, acquired at 760 nm and a 6.8 s acquisition time. The first dataset, group 1 (n = 28), was extracted from SHG and AF images of the papillary ECM at a 60–85 µm depth of healthy forearm skin. Collagen I structures were interconnected in a convoluted structure without a preferred orientation (Figure 3a, papillary dermis) and had a mean thickness of 3.4 ± 1.3 µm and an SAAID of 0.69 ± 0.11.



The second dataset, group 2 (n = 16), was extracted from SHG and AF images of the papillary ECM at a 60–85 µm depth of healthy forearm skin. Fewer collagen I fibers per image were visible compared to group 1. Collagen I structures were less interconnected with a preferred orientation (Figure 3b, papillary dermis) and had a higher mean thickness of 5.6 ± 1.5 µm compared to group 1 (Figure 3a) and an SAAID of 0.45 ± 0.08.



The third dataset, group 3 (n = 45), was extracted from SHG and AF images of the papillary ECM at a 85–120 µm depth of healthy skin from the volar forearm. Collagen I structures were interconnected in a convoluted structure without a preferred orientation (Figure 3c, reticular dermis) and had a mean thickness of 6.8 ± 2.0 µm and an SAAID of 0.42 ± 0.08.



The fourth dataset, group 4 (n = 34), was extracted from SHG and AF images of the papillary ECM at a 60–120 µm depth of healthy skin from the volar forearm. Collagen I structures were independent with a preferred orientation (Figure 3d, reticular dermis) and had a higher mean thickness of 8.7 ± 2.8 µm compared to the third dataset and an SAAID of 0.38 ± 0.06 (Figure 3c).



The datasets were constructed in such a way to reflect the parameter observed above and with similar levels of intensity and image coverage.




3.3. Collagen I Containing ECM Structures, and Analysis of SAAID, FFT Directionality, and Edge Detection in Native Grey Value Images


Using the constructed datasets above, parameters were found that could potentially be used in clinical practice to automatically detect changes in dermal ECM (collagen I) and quantitatively assess a progression of skin aging.



The results are summarized in Table 1. Calculated in the training datasets were SAAID, edge-Canny, and Sobel filters, and the directionality of the ellipse resulting from an FFT. The SAAID and edge detection methods correlate with the density of collagen I structures, while the directionality is the most important indicator for the orientation of collagen I fibers. The averaged grey value and Canny edge filter are less meaningful for detecting changes in ECM structures. In the reticular dermis, the SAAID and edge filter are less useful due to an overall drop in collagen I density in the reticular dermis.



Directionality, edge detection, and SAAID can be used to distinguish collagen I structures.




3.4. Grey Level Co-Occurrence Matrix Analysis in Native Grey Values and in Hilbert Transform


Significant differences in parameters in the papillary dermis can be seen for correlation, contrast, energy, and homogeneity, presented in Table 2. All parameters are significantly different and can be used to distinguish ECM structures. The correlation shows the most significant difference of all parameters because the algorithms detect recurring structures. In addition, the contrast is significantly higher due to slimmer collagen I fibers, which is reflected in the homogeneity and energy, as in less deviation in grey values overall. In the reticular dermis, the contrast is higher for thick, oriented structures. Yet, the correlation, energy, and homogeneity parameters are lower for groups 2 and 4 compared to groups 1 and 3. To improve significance, a Hilbert transformation was performed for the reticular datasets and the GLCM was analyzed again, summarized in Table 3. The momentums of the images are vastly different in the papillary dermis, −5461 ± 5284 in group 1 to 2995 ± 478 in group 2, as well as in the reticular dermis, −6287 ± 5272 in group 3 to 2891 ± 330 in group 4. Energy and homogeneity are significantly lower in thick reticular structures (groups 1 and 3) compared to thin reticular structures (groups 2 and 4). The results of the Hilbert transformation show a better separation between ECM structures p < 0.0001 compared to the GLCM parameter of grey value stacks at p < 0.01.



The GLCM shows changes in the papillary dermis. For the reticular dermis, the Hilbert transformation proves to be useful regarding contrast and momentum.




3.5. Distinction of Collagen I Structures in Skin with Similar SAAID Values


Group 2, representing the thick and oriented collagen I structures in the papillary dermis, and group 3, representing thin and convoluted collagen I structures in the reticular dermis, exhibit comparable SAAID values of 0.45 ± 0.08 to 0.42 ± 0.08. Groups can be distinguished by FFT directionality of the grey value images, correlation, and energy to a significant degree in the native GLCM and the third angular momentum in the Hilbert-transformed GLCM. The correlation is low at 0.14 in group 2 compared to 0.75 in group 3. The energy is 0.75 in group 2 compared to 0.12 in group 3. After Hilbert transformation, the third angular momentum is the clear indicator to separate group 2 with positive values from group 3 with negative values.





4. Discussion


The construction of four groups in the training set and the distinction between the papillary and reticular dermis yield robust results. The need for separate datasets depending on depth is clearly shown in Table 1. Superimposed results for SAAID between group 2, representing thick and oriented collagen I in the papillary dermis, and group 3, representing thin and convoluted collagen I in the reticular dermis, are shown. To sufficiently investigate age and sex parameters, a greater number of subjects is needed.



As expected, the size of collagen I fibers is increasing both from the papillary to the reticular dermis and from thin, convoluted oriented structures to thick, oriented structures. It can generally be noted that the distance between collagen I fibers increases and the density decreases with depth. This has consequences for the image analysis methods, which is why a separation between the papillary and reticular dermis was introduced.



The SAAID (Table 1) sharply increases in the papillary dermis region and is stable throughout the reticular dermis, caused by the papillae structures. Parts of the images in the papillary dermis show basal cells of the epidermis, where collagen I is not presented. No differences were observed in the volar forearm. Thus, in the subjects, no significant UV damage was seen.



Statistical GLCM properties (Figure 2, Table 2) were investigated from 10 to 130 µm in depth, together for all subjects, hence showing a wide range. The contrast shows a maximum in the lower epidermal region, suspected to be caused by the increased presence of melanocytes and a resulting high AF of melanin in the stratum basale with possible crosstalk into the SHG channel. A minimum contrast is found in the reticular dermis region around 100 µm. The correlation is lowest in the epidermis because no SHG signal is present; thus, the image is constant. The correlation maximum is in the reticular dermis, where collagen I fibers have a significantly lower density and the size and SHG signal intensities of the collagen I fibers are comparable. The homogeneity shows a local maximum in the reticular dermal region, where collagen I structures are visible all over the image. The energy is decreasing with depth, as the overall intensity is lower and the uniformity of the image is lower in the dermis, because the area of low SHG intensity per image is much higher compared to the epidermis.



Being a location-indifferent method, SAAID has shortcomings, relying completely on intensity. As shown in Table 1, groups 2 and 3 have comparable SAAID values, group 2 is constructed from papillary dermal collagen I structures, and group 3 is constructed from reticular dermal collagen I structures. The decision to separate the groups by depth, too, was validated here again. For the GLCM analysis, the feature location and distribution in the image is important, enabling the distinction of these groups in correlation and energy. The correlation is low at 0.14 ± 0.01 in group 2 compared to 0.75 ± 0.07 in group 3, indicating the sensitivity of the method to recurring patterns as visible in images of group 3. The energy is 0.8 ± 0.1 in group 2 compared to 0.12 ± 0.05 in group 3 because the structure size is greater in group 2 and there are more changes in intensity in group 3. After Hilbert transformation, the third angular momentum is the clear indicator to separate groups 2 and 3. Enhancing edge structures, the changes in intensity are emphasized, leading to negative values for group 3 and positive values for group 2.



Suitable methods to distinguish thin, interwoven collagen I structures from thick and oriented structures in the papillary dermis are FFT directionality [48] and momentum (Table 1), where the SAAID decreases, the directionality is higher in the thick oriented collagen I structures, and the angular third moment is increasing for thicker structures. The SAAID decreases as a wider image area shows the intensity for thin and interwoven structures. The directionality is higher in thick structures, indicated by lower values as the fibers are thicker and fewer fibers have to be pointed in one direction. The angular momentum is increased in both dataset groups toward thick oriented collagen I structures. Interestingly, while the edge detection methods are not statistically significant for collagen I structure categorization, the values for both edge detection methods are decreasing in the papillary dermis and increasing in the reticular dermis. A possible explanation is the better separation of thicker fibers and better recognition of edges by the algorithm.



The correlation is increasing for thick collagen I structures in the papillary dermis as the image is less constant, depicting thick structures. For the reticular dermis, the correlation is decreasing as the fibers are pointed in every direction and less regular patterns occur. The contrast and energy do not yield significant differences. The homogeneity is inconsistent in the papillary and reticular dermis, while the values are higher in thicker structures in the papillary dermis and lower in thicker structures in the reticular dermis compared to their thick interwoven counterparts. The homogeneity is roughly inversely correlated to the contrast; this is true for the papillary dermis. In deeper layers of the dermis, there is collagen I that has a high intensity compared to a negligible SHG intensity outside of collagen I, which leads to a stepped grey value histogram and subsequently to a lower homogeneity compared to closer, more interwoven fibers.



The Hilbert transform is a special version of an FFT transform with data presented in Table 3. Here, the Hilbert transform of the grey value image can be described as an envelope function smoothing out high frequencies in grey values. The biggest improvement for the categorization of collagen I structures is the value of momentum. For group 3, collagen I was at roughly −5000 to −6000, and for group 4, collagen I was around 3000. This is a clear parameter for distinguishing any aged or pathological dermal collagen I structures. Given these results, the SAAID can be supplemented or even be omitted, while the AF channel could become obsolete for collagen I analysis.




5. Conclusions


This study showed automated categorization parameters of different healthy dermal collagen I structures. An appropriate training set made up of four groups for thin and thick collagen I structures and the papillary and reticular dermis was established, and distinction parameters using the GLCM and directionality and Hilbert transform were identified for the appropriate depth for the volar forearm. Additionally, collagen I structures with similar SAAID can be distinguished, enabling an advanced and automated detection of the skin with collagen I alterations. Future studies using the presented methods require a larger sample size to further investigate the skin of different age groups.
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Figure 1. SHG-to-AF Aging Index of Dermis (SAAID). The SAAID was measured from the stratum corneum to a depth of 130 µm on the volar forearm and is steeply increasing in the papillary dermis in healthy skin of the volar forearm. The data show the mean ± standard deviation (n = 24). 
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Figure 2. Depth analysis of statistical GLCM properties. GLCM parameters contrast (a), correlation (b), homogeneity (c), and energy (d) were recorded from the stratum corneum to a 130 µm depth on the volar forearm in 24 volunteers. The data are presented as a line plot with straight lines connecting the mean data points. 
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Figure 3. Exemplary images of collagen I structures (SHG signals) of the papillary and reticular dermis. The training data were categorized into group 1 representing thin, convoluted collagen I structures in the papillary dermis (a); group 2 representing thick, oriented collagen I structures in the papillary dermis (b); group 3 representing thin, convoluted collagen I structures in the reticular dermis (c); and group 4 representing thick, oriented collagen I structures in the reticular dermis (d). All images were acquired at 50 mW, 760 nm, and a 6.8 s acquisition time. Scale bars are 20 µm in length. 
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Table 1. Summary of the results of the applied image analysis methods for the papillary and reticular dermis. Values were calculated from the training datasets as described before. Groups 1 and 2 were extracted from a depth of 60–85 µm on the volar forearm, and groups 3 and 4 were extracted from 85–120 µm on the volar forearm.
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Papillary Dermis

	
Reticular Dermis




	

	
Group 1:

Thin,

Convoluted

	
Group 2:

Thick,

Oriented

	
Group 3:

Thin,

Convoluted

	
Group 4:

Thick,

Oriented






	
SAAID

	
0.7 ± 0.1

	
0.45 ± 0.08

	
0.42 ± 0.08

	
0.38 ± 0.06




	
Grey value

	
21 ± 7

	
13 ± 4

	
16 ± 5

	
10 ± 3




	
Edge Canny

	
7500 ± 900

	
6500 ± 2000

	
7900 ± 1100

	
8800 ± 800




	
Edge Sobel

	
6600 ± 500

	
6100 ± 1600

	
6400 ± 400

	
6500 ± 500




	
FFT directionality

	
0.95 ± 0.04

	
0.82 ± 0.08

	
0.96 ± 0.03

	
0.89 ± 0.03




	
Third angular momentum

	
0.016 ± 0.003

	
0.054 ± 0.006

	
0.014 ± 0.003

	
0.054 ± 0.006











[image: Table] 





Table 2. Summary of GLCM results for native grey values. The GLCM parameters, correlation, contrast, energy, and homogeneity are shown for thin and thick datasets in the papillary and reticular dermis in native grey values. Groups 1 and 2 were extracted from a depth of 60–85 µm on the volar forearm, and groups 3 and 4 were extracted from 85–120 µm on the volar forearm.
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Papillary Dermis

	
Reticular Dermis




	

	
Group 1:

Thin,

Convoluted

	
Group 2:

Thick,

Oriented

	
Group 3:

Thin,

Convoluted

	
Group 4:

Thick,

Oriented






	
Correlation

	
0.26 ± 0.03

	
0.14 ± 0.01

	
0.75 ± 0.07

	
0.67 ± 0.09




	
Contrast

	
1.5 ± 0.4

	
1.24 ± 0.50

	
1.6 ± 0.5

	
2.0 ± 0.7




	
Energy

	
0.5 ± 0.2

	
0.8 ± 0.1

	
0.12 ± 0.05

	
0.11 ± 0.07




	
Homogeneity

	
0.71 ± 0.03

	
0.77 ± 0.02

	
0.70 ± 0.05

	
0.63 ± 0.02
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Table 3. Summary of GLCM results with Hilbert transformation. The GLCM parameters, correlation, contrast, energy, and homogeneity are shown for Hilbert-transformed thin and thick datasets in the papillary and reticular dermis. Groups 1 and 2 were extracted from a depth of 60–85 µm on the volar forearm, and groups 3 and 4 were extracted from 85–120 µm on the volar forearm.
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Papillary Dermis

	
Reticular Dermis




	

	
Group 1:

Thin,

Convoluted

	
Group 2:

Thick,

Oriented

	
Group 3:

Thin,

Convoluted

	
Group 4:

Thick,

Oriented






	
Correlation

	
0.5 ± 0.1

	
0.6 ± 0.2

	
0.5 ± 0.1

	
0.45 ± 0.10




	
Contrast

	
12 ± 3

	
10 ± 4

	
12 ± 3

	
13 ± 3




	
Energy

	
0.30 ± 0.03

	
0.33 ± 0.04

	
0.31 ± 0.03

	
0.29 ± 0.02




	
Homogeneity

	
0.77 ± 0.05

	
0.81 ± 0.06

	
0.79 ± 0.04

	
0.74 ± 0.04




	
Third angular momentum

	
−5461 ± 5284

	
2995 ± 478

	
−6287 ± 5272

	
2891 ± 330
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