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Erythema is an inflammatory condition of the skin that is commonly used as a feature to monitor the progression of cutaneous diseases or treatment induced side effects. In radiation therapy, skin erythema is routinely assessed visually by an expert using standardized grading criteria. However, visual assessment (VA) is subjective and commonly used grading tools are too coarse to score the onset of erythema. Therefore, an objective method capable of quantitatively grading early erythema changes may help identify patients at higher risk for developing severe radiation induced skin toxicities. The purpose of this study is to investigate the feasibility of using hyperspectral imaging (HSI) for quantitative assessment of early erythema and to characterize its performance against VA documented on conventional digital photographic red-green-blue (RGB) images. Erythema was induced artificially on 3 volunteers in a controlled pilot study; and was subsequently measured using HSI and color imaging. HSI and color imaging data was analyzed using linear discriminant analysis (LDA) to perform classification. The classification results, including accuracy, and precision, demonstrated that HSI is superior to color imaging in skin erythema assessment.
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INTRODUCTION

Skin Erythema, also called cutaneous inflammation, is a symptom associated with diverse cutaneous diseases [1] such as psoriasis [2, 3] and acne lesions [4], as well as with skin injuries such as pressure sores and burns [5, 6]. In more extreme cases of thrombocytopenia, cutaneous inflammation is claimed to be a trigger for a life-threatening hemorrhaging condition [7]. Although considered an adverse response, erythema is commonly used as a feature to monitor the manifestation of skin diseases and the severity of treatment induced side effects. In radiation therapy, erythema reactions resulting from skin exposure to ionizing radiation also known as radiation dermatitis is a common limiting factor. Unchecked, severe radiation dermatitis can lead to intense pain, skin ulcers and tissue necrosis resulting in treatment interruptions and reduced quality of life [8–11]. Early assessment of radiation induced erythema can facilitate more timely interventions; it may help reduce patient discomfort, increase compliance with treatment and improve treatment outcomes[10].

Skin erythema is routinely assessed visually by a clinical specialist using standardized grading criteria [12]. Unfortunately, visual assessment (VA) has its own disadvantages that renders it less than optimal. Some of these drawbacks are its dependency on skills and knowledge of the observer and lack of precise quantification, i.e., common grading tools are categorical and too coarse to score early changes in erythema development [13]. Additionally, VA is prone to inter-observer and intra-observer variations and potential observer visual acuity deficiencies [12, 13].

Ideally, techniques to evaluate erythema should be quantitative in nature, contact-free and minimally invasive [6]. Various imaging technologies have been investigated for this purpose, including colorimetry [12, 13], diffuse reflectance spectroscopy (DRS) [11], laser Doppler flowmeter [8], digital photography [3, 4], confocal microscopy [1], optical coherence tomography [1], ultrasound [10], and magnetic resonance imaging [14]. In spite of the various techniques under investigation, erythema assessment by VA with the naked eye is still considered the gold standard [15].

Two optical modalities: DRS [10, 11] and photographic color imaging [3, 4, 16] have been studied for erythema quantification. However, DRS measurements requires direct contact with patients' skin and, can only assess a small region of skin at a time. Photographic imaging techniques, on the other hand, are contact free and able to capture larger field of view; but it is limited in the visual spectrum for interpretation of skin color change. The limitation of conventional digital photography is due to its dependence on merely three colors, red, green, and blue (RGB) to generate images. Thus, digital photography has a limited spectral range for differentiating between erythema grades. Hyperspectral imaging (HSI) has the potential to overcome the limitations of both DRS and digital photography techniques [17]. Similar to RGB imaging, HSI does not require skin contact and is capable of examining sizable tissue regions. Spectrally, HSI has a much broader range, it is not limited to the trichromatic bands of conventional digital photographic imaging.

The purpose of this study is to investigate the feasibility of HSI for precise classification of skin erythema. The key objectives of this project include: (1) Determine HSI sensitivity for detecting subtle erythema changes in the skin, (2) delineating the essential spectral zone for detecting erythema variation, (3) classifying skin erythema, and (4) use the classification results to juxtapose digital and spectral imaging for erythema assessment.

METHODOLOGY

Instrumentation

A custom-built acousto-optic tunable filter (AOTF) based HSI is used to monitor the artificially induced erythema on the volunteers' forearms. The HSI has been fully characterized and described in detail elsewhere [17]. Briefly, the illumination is provided by two halogen lamps (total 300 watts). A zoom lens (EF-S 18-55 mm f/3.5-5.6, Canon) collects the back reflected light and directs it to the input of the AOTF. The output spectral images are captured by a near-infrared (NIR) enhanced monochrome camera and then transferred to a computer workstation. A schematic of the AOTF-HSI system mounted on a moving cart is shown in Figure 1.
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FIGURE 1. (A) Diagram representing the system setup used in the acquisition of HSI data sets. Two halogen lamps are used to illuminate the ROI. Two custom-built height adjustable instrument carts carry the HSI and the light sources. (B) Photograph showing the setup used to image a volunteer's forearm.



In the experiments reported here, the AOTF-HSI was set up to acquire images between 450 and 800 nm with corresponding bandwidth of 1.5–4 nm. The HSI system uses an NIR enhanced camera with 2048 × 2048 pixels. Conventional digital color images are captured by a 16-megapixel camera (HDMI-768, Hyundai, Korea). In addition, a white standard calibration surface with 99% reflection (SRS-99, Labsphere, NH) was used for image normalization.

Erythema Model and Study Design

In this study, 3 healthy adult volunteers were recruited, two males and one female. The volunteers' ages ranged from 35 to 50 years, were of Caucasian or Asian descent and, had no cutaneous diseases or any prior cutaneous injuries in the selected region of interest (ROI). For the purpose of simulating radiation dermatitis, transient erythema was induced in the forearm of the volunteer subjects by repeatedly striking a plastic ruler against the dermis until the skin was visibly reddened (~3 min). The artificially induced erythema disappeared after ~40 min and no lasting detrimental effects were seen in the volunteers' arm after that time. After inducing erythema within the ROI, the skin was graded by VA and sequential RGB and HSI were obtained. The clinician annotated the RGB images with the corresponding erythema scores obtained by VA. After processing the HSI were compared to the annotated RGB images. See Figure 2 for a flow chart illustrating the study's design.
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FIGURE 2. The flow chart illustrates the study's design. After initiating erythema within the ROI, the skin is graded by VA and RGB and HSI were obtained. The clinician then annotates the RGB images with the erythema scores. After processing the HSI, the annotated RGB images are compared to the HSI ones. The RGB images are used as a proxy to compare HSI to VA.



The study protocol and consent were reviewed and approved by the Hamilton Integrated Research Ethics Board (HiREB) responsible for research studies within McMaster University and affiliated regional healthcare institutions (i.e., Hamilton Health Science).

Erythema was graded, by a clinical specialist, on a 4-point ordinal scoring scale from 1 to 4 (1-very faint, 2-faint, 3-bright, 4-very bright). See scoring chart in Table 1 [18]. The VA scale used for this study was developed specifically to grade subtle erythematic changes in the subject's skin within the ROI. More widely used clinical assessment tools for skin toxicities including Common Terminology Criteria for Adverse Events (CTCAE), and Radiation Therapy Oncology Group (RTOG) were too coarse and did not suit the needs of this study [13, 19].


Table 1. Visual assessment ordinal scale used by an expert radiotherapist to grade skin erythema.
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Immediately after erythema was induced, the clinical specialist visually assessed the skin within the ROI at 3-min intervals. At each interval, erythema grades were assigned by the clinical specialist using the predetermined ordinal scale for erythema scoring (Table 1). These grades were used as the Ground Truth for image analysis and classification.

RGB Image Acquisition and Generation of Erythema Region of Interests

Sequential digital photographic red-green-blue (RGB) images and HSI data sets were obtained of the volunteers' erythematous skin over time; starting before the erythema was induced and ending until the erythema disappeared. An experienced clinical radiation therapy specialist reviewed the RGB images and marked areas of uniform erythema with green or blue markers [20]. The clinical specialist then visually assessed and graded erythema induced within the marked ROI, based on criteria outlined in [18] and the results are shown in Figure 3. The erythema intensity and rate of development vary among the three participating volunteers. For instance, the lighter the skin color the faster erythema became visible.


[image: image]

FIGURE 3. Artificially induced skin erythema on three volunteers' (V01-V03) forearms. Each row represents a different subject (V01-V03). All the images were captured sequentially by the digital color camera at 3-minute intervals or rounds (R1-R20) after inducing erythema. The V02's images were named as R10 and R20 just for arrangement purpose within the figure.



Prior to inducing skin erythema, two reference images of the ROI are acquired; one spectral and one color. The reference images are used as baseline for each subject. Immediately after inducing erythema, a radiotherapist assessed and graded erythema. Color digital images were obtained first, followed by spectral images using the HSI system.

For each spectral image of the erythema, a dark and a white standard spectral data cubes were acquired with matching imaging configuration. The dark spectral data cube was acquired with the camera lens covered. It is utilized to account for the dark current noise in the CMOS sensor, which is illustrated in Figure 4, by subtracting the background. The white standard spectral image was acquired with an isotropic reflectance standard (SRS-99, Labsphere, NH, USA) placed in front of the ROI. It is used to compensate for uneven illumination and instrumentation spectral response. Each set of spectral plus color imaging took ~3 min; therefore, image acquisition was repeated at 3-min intervals until erythema faded away and was no longer visible to the radiotherapist.
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FIGURE 4. Overview of the image processing workflow.



An overview of the image analysis work flow is illustrated in the flow chart in Figure 4.

DATA PROCESSING

In the VA, a radiotherapist graded the induced skin reaction based on his/her clinical expertise out of a predetermined number of possibilities as shown in Figure 5. To avoid the possible subjective judgment of one radiotherapist, a second experienced radiotherapist was involved in offline VA. These erythema grades are considered as the Ground Truth in this study. The induced skin reactions were generally inhomogeneous. As a result, the radiotherapists use their experience to draw contours to separate each level of erythema. The graded regions were contoured using Image-J [18] and were separately stored under skin annotation labels. The skin annotations were masks that can be overlaid on both color and hyperspectral images without altering the original information in the data. A sample of skin annotations provided by the radiotherapist is shown in the top row of Figure 5, where the various skin reactions are identified by overlapping contours.
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FIGURE 5. (A) A color image for initial skin erythema annotations provided by the radiotherapist for one volunteer. (B-top) Separated skin erythema annotations provided by the radiotherapist for the same volunteer. White area indicates positive for the intended grade. (B-bottom) XOR process was accomplished for correcting the overlap effect. The correction process yields exclusive annotations. A new annotation of the non-erythematous region was generated to count for normal skin.



For example, as shown in the top row of Figure 5, the lower grade erythema area (left) encloses both higher graded areas (middle and right). An XOR logic process is applied on these original annotations and the resulting classification for each erythema type is shown in the bottom row of Figure 5. The ROI without erythema is calculated by subtracting the sum of all erythematous regions. The corrected skin annotations enable precise monitoring for both the spatial and the temporal skin reaction alterations.

In the current study, the constructed skin contours display the temporal phases along with the spatial changes of the skin reaction intensity. The displayed contours, of different reactions, are attained via a sequence of steps. The first step is grading the induced skin reaction by VA. This step is repeated for all consecutive imaging cycles for each volunteer. Following grading, the second step is computing the ratio of each erythematous reaction region with respect to the entire ROI. The final step is plotting the graded contours of skin at the corresponding imaging cycle, which represents the temporal evolution as shown in Figure 6. The induced skin erythema intensity fades away gradually over time.
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FIGURE 6. The relative percentage of each erythema grade measured at different time after initial induction. This figure shows an example of erythema from a single volunteer ventral arm side evolution through multiple image sequence cycles. The initial measurements show high erythema intensities (very bright, bright, and faint erythema regions). As time goes by, the skin recovers and the erythema intensity decreases. By the time of 15 minutes, most of the ROI was occupied by the lowest erythema grade (very faint erythema).



Spectral reflectance data are computed via processing the acquired hyperspectral images, which is a 3-dimensional matrix or data cube contains images (2-dimensional matrix of pixel intensity values) at different wavelengths as the third, spectral dimension. Simply, the dark noise was removed from the raw spectral data cube (IROI) by subtracting the sensor dark current (Idark). The effect of uneven illumination is corrected by normalizing the ROI data cube to a white standard reflectance target (Iws). Both the white standard target and the dark noise images were collected under the same conditions. Hence, the skin ROI reflectance (RROI) is computed as follows

[image: image]

Once the skin reflectance was computed, the processed frames were co-registered using ImageJ. The image registration procedure started by selecting a reference frame for the reflectance data cube RROI. The reference frame selection is governed by the computed histogram value at a spot within the ROI. The designated spot usually contains a distinguishable feature/ landmark; be it natural (skin freckle or mole) or artificial (green or blue marked dots). The spectral frames, in the ROI data cube, were co-registered to the reference frame provided that pixel shift was set to minimum. Similar to the spectral frames, the color images were co-registered to the corresponding reference frame. This process aims to maintain the same FOV for both the spectral and the digital images. Following the co-registration process, the ROI data cube undergoes further processing including band selection and classification. A detailed description of the developed classification algorithm including the challenges of learning with noisy labels and proposed solution for dealing with noisy measurements has been published [18].

CLASSIFICATION AND RESULTS

After processing, the color images were co-registered with the corresponding spectral data cube; and the skin annotations are overlaid on color and spectral data. Figure 7 shows an example of the overlaid erythema regions of different grades from one such data set. In this example, time-lapsed images of the erythema from time zero (immediate following erythema induction) to 15 min when the induced erythema becomes invisible to the radiotherapist. The sequence of images in Figure 7 demonstrates the gradual decrease of erythema over time.
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FIGURE 7. Graded regions of different erythema levels overlaid with color (right two columns) and spectral images (gray scale images in the left two columns) from one volunteer. The sequence from top to bottom is based on the time scale of imaging. The spectral images in this figure were captured at 540 nm, which is one of the absorption peaks for oxyhemoglobin. The spectral images in the right column are overlaid with the radiotherapists' grading results. Similarly, the graded results are shown for the color images. The different levels of erythema are color-coded: very faint erythema (Er1) in yellow, faint erythema (Er2) in orange, bright erythema (Er3) in red and very bright erythema (Er4) in magenta.



The skin reflectance is computed based on the pixel intensities (Equation 1) for each ROI at different skin responses. Skin erythematous levels and normal healthy skin reflectance were plotted in Figure 8A. The result identified the spectral region between 500 and 650 nm for maximum separation between the healthy and erythematous skin. Figure 8B zooms in this spectral region using a single subject's data, which was smoothed using the Savitzky-Golay [21] low pass filter. The error bars in the shown figure demonstrate the heterogeneity of the erythematous zone. Only error bars for the normal healthy skin, and very bright erythema are displayed for contrast purposes.
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FIGURE 8. Skin reflectance of normal skin and erythema regions (A) averaged over three subjects; (B) smoothed data from one subject between 500-650 nm. Error bar shows standard error.



For comparison purposes, the skin reflectance was also computed based on the color images. Each color image was split into the three basic components: red, green, and blue. Then the skin annotated ROI's pixel intensities were averaged for each color layer, as shown in Figure 9. The color image analysis also shows that the green layer is the most sensitive region for the development of skin erythema.
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FIGURE 9. Skin reflectance computed from the color images blue, green, red channels to examine the most sensitive part of the visible region to erythema development.



In case of no dimension reduction for the captured hypercube, the basic spectral feature, in HSI, used for classification is the normalized reflectance spectra [22]. As a result, we performed pixel-level classification of erythema in the spectral datacubes. In our captured cubes, the lower end of the operating spectrum of the used HSI camera provides weak signal to noise ratio (SNR). The former weakness is attributed to two factors; the first is the lower sensitivity of the used sensor, while the second is the fade emission of the light source. We found out, by empirical testing, that removing the low SNR bands has improved the classification performance. In order to remove the low-informative bands, a problem of matrix “Column Subset Selection” was levied. The problem is solved using a straight-forward technique based on “matrix low-rank representation” [23]. The former technique aims to sort the captured bands in terms of the contributed information by each, where the contribution is computed using the Frobenius (element-wise) matrix norm [24]. Simply, the summation of the squared values of each column of the data matrix are sorted in a descendant order. The second step is to add the sorted values to the norm matrix. The ratio between the newly formed matrices to the matrix norm is compared to a threshold value (p ϵ [0,1]). Holding 99% of the contained information (p = 0.99) is the constraint that is used in our study to get rid of the lowest contributing bands. Applying the former procedure, we found out that the highest contributing bands are whose central wavelength: (728, 688, 695, 719, and 703 nm), while the lowest ones are (443, 451, 453, 438, and 455 nm).

The low SNR hyperspectral data is partly attributed to the instrument noise. This noise was reduced by applying Weiner filter [25]. Weiner filter runs in an adaptive way governed by the level of variance of the image's pixels intensities. Weiner's filtered image has pixel intensity Iw(x), where x indexes frame pixels. The former term, Iw(x), is computed adaptively based on the level of noise contained in the original pixel intensity I0(x).

[image: image]

Linear discriminant analysis (LDA) was applied to both the spectral, upon noise reduction, and the color images in a supervised parametric approach, where the ground truth is the results from the radiotherapist. Briefly, LDA classifies the observation data based on the basic assumption of a normal distribution occurring within each particular class. Given a number (n) of labeled set of observations (x, y) where the term: x ∈ ℝm and the term m is the spectral datacube dimension, and y is a single class out of S discrete classes [26]. LDA aims to identify the transformation matrix G that linearly reduces the experimental multidimensional spectral data to a smaller s-dimensional vector (a), where a = GTx ∈ ℝs, provided that s < m. The purpose of transformation to small dimensional vector space is to achieve the maximum separability among distinct existing classes in the multidimensional observations according to an accustomed criterion. This criterion is a mathematical function used for discrimination between groups of data points that come together around a central mean. For instance, a discrimination function (fd) can be determined as follows:
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Where Bayes rule has been employed to determine individual class posterior:
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An empirical assignment for the prior probability is used in this classification to be equal to n s/n. The p(X) is a utilized as a normalization constant process and is delineated as the summation over the number of discrete classes S as follows:
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LDA modeled particular class conditional probability (x|y = s) by applying multivariate normalized density function (fmul):

[image: image]

Where μS and ∑S are particular class mean and covariance, and the two mathematical formats |·| and ·−1 are expressing the matrix determinant and inverse, respectively. A further assumption used in the discriminant analysis is that the embedded distinct classes in the provided observation data share a common covariance matrix Σ s = Σ ∀ s which yields a linear boundaries decision. The previous assumptions assisted in the inference of both the mean μŝ and the covariance matrix [image: image] specifications based on the training ratio of the observation data.

Twelve data sets were collected in this study from the three volunteers. These data sets were divided into two groups; training and test sets. The ratio between the training group and the test group data sets, according to the Pareto principle, was set to 20–80%, respectively. A random selection of the training set was accomplished by a random key generator function. Since the number of data samples was large, ~50,000,000 pixels, down sampling is performed for the acquired data by a factor 0.6 to reduce the size in order to speed up the classification processing time. The classification process was run for 10 consecutive times, and the output results were averaged for verification purposes. Five parameters were reported to weigh classification results; accuracy, precision, sensitivity, specificity and geometrical mean [27].

The average values for the entire formerly mentioned classification parameters were higher in HSI against color imaging. Moreover, the HSI achieved an outstanding performance in accuracy and precision as exhibited in Table 2.


Table 2. Comparison of performance of HSI and RGB imaging for the distinction of erythema ROIs.
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CONCLUSION AND DISCUSSION

In this study, we aimed to investigate the feasibility to use an AOTF-HSI system to quantitatively measure skin erythema. This pilot study on healthy volunteers with artificially induced erythema is a checkpoint prior to apply the AOTF-HSI method in a clinical study on radiation treatment induced skin erythema. The current study results demonstrated that HSI can sufficiently classify skin erythema. Compared to diffuse reflectance spectroscopy or color photography, HSI acquires a complete set of wide-field images with full spectral information, which is shown to be important to skin erythema classification.

Even though both spectral and color imaging techniques approved the green region as the most discriminating region in erythema assessment; color imaging is sufficient for interpreting the green reflectance change with erythema alteration. In addition to skin reflectance analysis, supervised classification, LDA processing, contributed in clustering distinct level of induced skin erythema. This clustering technique yields a map for distributed changes of skin erythema. Training the developed LDA classifier with the ground truth created an objective quantitative method of erythema assessment.

Ultimately, the presented exploratory study provided a testimony for: (1) HSI is a feasible optical imaging technique for objective quantitative erythema assessment, (2) the green spectra are the most sensitive visible region for skin erythema alteration. (3) LDA classification method is operating efficiently in sorting erythema grades. 4) HSI outstanding performance, proved by LDA classification parameters, against color imaging in accuracy and precision of detecting erythematous skin regions.

To this end, it is recommended to go through a long-term study for a clinical condition associated with skin erythema. One candidate condition is radiation dermatitis, a skin reaction resulting from the treatment of cancer with radiation. Hyperspectral imaging may prove useful in radiation therapy for monitoring the progression of skin erythema reactions over time. Based on the exploratory study results, it is expected that HSI could be a well-performing contact-free objective monitoring technique for radiation dermatitis. However, much work needs to be done in order to validate HSI as a system for investigating the skin reactions in dermatological clinics. For this purpose, a preliminary study is proceeding to use HSI to detect erythema development on skin cancer patients during radiotherapy treatment.
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