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Abstract
In the pursuit of improving the quality of radiotherapy treatment for 
skin cancer, meticulous monitoring of skin toxicity is imperative. This 
monitoring process focuses on examining the emergence of acute skin 
toxicity resulting from radiation exposure. Skin toxicity is a prevalent 
issue affecting approximately 90% of patients undergoing ionizing 
radiation therapy for cancer treatment. This study explores the utility of 
hyperspectral imaging (HSI) in quantifying the inflammatory response 
of skin erythema, a common manifestation of skin toxicity. Expert visual 
assessment (VA), optical imaging, and HSI were employed to monitor 
induced skin erythema in five recruited skin cancer patients undergoing 
radiotherapy. Erythema indices were calculated using Dawson's 
formulas applied to the HSI data, and the results were compared to 
VA. The findings revealed a strong correlation between the computed 
relative erythema index and VA, indicating its potential as an objective 
measure. Furthermore, the study demonstrated that HSI outperforms 
optical imaging in accurately classifying skin erythema in precision 
and specificity. Thus, HSI is a promising tool for investigating toxicity 
symptoms associated with various dermatological conditions. 
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1. INTRODUCTION

Keratin-based-skin cancer (KSC) along with cutaneous 
melanoma (CM) are the prevalent categories of cancer 
in Caucasian people[1]. Skin cancer (SC) exhibited 
incremental incidence cases universally but steady or 
declining morbidity measures[2,3]. For instance, In the USA 
the dumping numbers of SC dead patients were recently 
reported[4]. This fact is probably reflecting the efficacy of 
proposing new systemic treatments[5].

SC is treated using multiple approaches, however, 
surgery and radiotherapy (RT) are more commonly 
exploited[6,7]. Surgery is a shortcut way for SC treatment if 
available and preferred[8]. Abandoning the surgery approach 
is probably due to possible effects on the patient’s quality 
of life or a life-threatening reason for senior patients[9]. 
Therefore, the majority of elderly SC patients are referred 
to RT for treatment[10]. RT is not a flawless treatment 
approach, since it causes some undesirable side effects 
including radiation-based-skin toxicity[11]. Toxicity of the 
patient’s skin is a compulsory outcome of RT on average 
for 90% of SC patients[12]. The toxicity severity varies from 
mild to harsh including the subsequent symptoms: 

1- Skin inflammation (erythema) rises up after a few 

hours to be the most primitive skin reaction[13]. However, 
in rare cases, it may not become visible before 2 weeks of 
RT treatment[14].

2- Aching of the cutaneous epidermis that emerges as a 
result of the inconsistent necrosis of the skin's superficial 
cells after 3 weeks of radiation. The outcome of the skin 
aching is desquamation either being dry or moist.

3- A cutaneous ischemia and cell death probably take 
place within 3 months after irradiation onset[15].

4- Delayed skin destruction, telangiectasia, and harsh 
dermatological necrosis perhaps arise in 12 months[16]. 

The work reported in this study aimed to monitor RT 
induced skin toxicity involving erythema quantitatively. 
Skin erythema is an inflammatory reaction that turns 
the skin color into a reddish color. The red region of the 
skin is an expression of an impairment to the basal layer 
of the epidermis. This impairment leads to a vasodilation 
action that increases the blood content in the skin's dermal 
layer[17]. The content of the epidermis layer including blood 
nutrition lies within 2mm depth. This depth is within the 
penetration depth of the visible-near-infrared (VNIR) 
light[18]. Therefore, the scattered VNIR light out of the skin 
indirectly senses erythema via blood content change in the 
dermis.
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Endeavors were exerted to exploit VNIR light in multiple 
techniques for evaluating changes in skin color[19]. The 
most dominant technique is the VA by dermatologists[20]. 
Although VA is dominant, it suffers from being neither 
quantitative nor objective[21]. Toward objective assessment, 
manifold techniques including diffuse reflection spectral 
(DRS) measurements and optical imaging, were widely 
investigated. The investigation results were not highly 
satisfying for skin healthcare givers and clinicians. They 
disapprove the small region of investigation provided by 
DRS beside its need for direct skin contact. On the other 
hand, clinicians criticized optical imaging for delivering 
poor spectral information. Thus, an intellectual approach 
for acquiring clinicians better satisfaction is to combine the 
favors of both DRS and optical imaging, and overcomes 
their individual downsides in a technique likewise 
hyperspectral imaging[22].  

HSI is more than 30 years old[23], however, the 
favors of such technique open the research gate to be 
always involved in new applications[24–26]. The current 
and future applications of HSI in the medical field are                                                                                                     
numerous[27,28]. HSI is distinguished for capturing 
successive number of frames for a well-defined location. 
Each frame is specified by a central wavelength. In this 
manner, HSI overcomes DRS, optical imaging, and VA 
for being contactless, rich in spectral data, and objective, 
respectively. However, HSI loses in return the simplicity 
and gains lengthy time for data processing. For instance, 
the datacubes produced by HSI need high-speed processors 
to reach real-time data analysis.   

This study highlights HSI as an effective, non-invasive 
tool for objectively assessing radiation-induced skin 
erythema. HSI’s ability to analyze large skin areas with 
high sensitivity and specificity, using erythema indices 
and image classification, provides clear advantages over 
traditional optical imaging methods. The results suggest 
that HSI is not only accurate in detecting skin inflammation 
and toxicity but also holds significant potential for broader 
applications in skin injury monitoring. 

2. MATERIAlS AND METHODS
2.1. Clinical Procedure

The study’s work procedure was reviewed and 
permitted by the responsible committee board for research 
ethics regarding human experiments at McMaster 
University, Hamilton, Ontario, Canada. The study's 
permission involved a requirement for patients to meet 
specific criteria for inclusion. Essentially, being diagnosed 
with SC and undergoing radiation therapy for treatment 
constituted the condition for being included in the study. 
Conversely, certain conditions led to exclusion from the 
research: (1) the presence of skin color patches within the 
treatment area, (2) the sudden appearance of erythema 
before receiving radiotherapy in the area of interest,                     
(3) missing or discontinuing study sessions before or 
during treatment completion, and (4) using topical creams 
during radiotherapy without consulting the research's 
radiotherapist.

Adhering to these inclusion and exclusion criteria, 
only five patients managed to adhere to the research 
protocol, while three others were excluded. Table 1 
contains demographic data for the compliant participants. 
Inadvertently, none of the consented participants had 
melanoma SC. The examined regions of interest (ROIs) 
were in distinctive body locations involving the head, 
upper limb, and lower limb. Entirely, the participants were 
referred to radiotherapy for 10 or more radiation treatment 
sessions. A printed permission was handed by all the 
participating patients in the study. The participants’ median 
age is 75 years and 60% of them are males. A lesion on the 
right side of the face of one recruited patient is shown in 
Figure 1.

Table 1: Demographic data of the study’s participants

Patient # Gender/ Age Region of 
interest

# of sessions

1 Female/ 88 Tibia 20
2 Female/ 56 forearm 20
3 Male/ 68 Cheek 10
4 Male/ 85 Ear 10
5 Male/ 75 Temple 10

Fig. 1: Digital color images montage for a facial skin cancer 
patient. The sequence of images displays the development of 
skin toxicity (erythema) symptoms. The images were arranged 
from left to right and from up to down chronically. The patient 
had originally no trace of skin redness before the onset of 
radiotherapy. Once he started radiation sessions, erythema rises 
up gradually to express the skin toxicity.

2.2. Visual assessment
Day-to-day, the patient meets our study’s radiotherapist 

to verbally answer a simple questionnaire regarding his/
her activity the day before. The main purpose of that verbal 
speech is to record any side effects of RT especially skin 
symptoms. All the recorded information along with the 
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radiotherapist observations for skin status are saved both 
on paper and digital files for each patient. Skin-erythema 
observations were ranked on a 5-phases measure[29,30] as 
shown in Figure 2. Each phase of the measure is mapped to 
a percentage score.

Fig. 2: displays the radiotherapist erythema assessment measure 
developed specifically for reference use in the field of radiation 
therapy. The measure encompasses a group of reference skin 
photographs resembling each phase of skin redness color taking 
into consideration 2 varying shades of Caucasian skin.

2.3. Optical Imaging
The patients’ lesion ROI is pictured daily using a color 

camera. The daily picture records the health status of the 
patient’s ROI along the non-irradiated skin region. The 
non-irradiated region facilitated the keeping of a record 
of the status of the normal skin. Besides, color images 
provided the chance to perform an authentication of the 
erythema VA measures given by the other non-attending 
radiotherapists.

2.4. Hyperspectral imaging
The HSI hardware utilized in this study was custom-

designed and developed by our research team. It underwent 
testing on skin-simulating phantoms and examination on 

Fig. 3: A schematic drawing displays the configuration of the 
acousto-optic tunable filter (AOTF)-based hyperspectral imaging 
(HSI) system. l1: zoom lens; SA: square aperture acting as field 
aperture; l2, l3: achromatic lenses; M1, M2, M3: flat mirrors; 
PBS: polarizing beam splitter; AOTF: acousto-optic tunable 
filter; camera for capturing images, and computer for system 
control and data storage, all the components are tightly fixed to a 
metal platform to ensure portability.

This process is repeated three times during each session 
of the study for each patient: first for camera dark current, 
followed by a second set for a high-reflectance white 
surface, and finally for the patient's ROI. Each dataset 
comprises eighty-nine frames spanning the spectrum from 
450 to 850nm and takes approximately 89 seconds to 
record. A schematic diagram outlining the procedure for 
capturing patient datasets is presented in Figure 3. 

artificially induced skin erythema to measure changes in 
tissue composition[31]. In brief, our in-house HSI optical 
setup incorporates dual halogen illumination emitters to 
illuminate the ROI within the tissue. The backscattered 
photons are then collected by a series of optical components 
and directed toward an acousto-optic tunable filter (AOTF) 
crystal (TF625-350-2-11-BR1A, Gooch & Housego, 
Cleveland, OH, USA) device. This device separates the 
spectral range into narrow bands. Each spectral band 
is sequentially transmitted to a monochromatic CMOS 
camera (2048 × 2048, 5.5 µm pixel size, MQ042RG-CM, 
Xemia, Munster, Germany) for image capture as shown in 
Figure 3[32].

Fig. 4: A schematic diagram displaying a skin cancer patient who is accommodated for the purpose of adjusting his position for the HSI 
session. In this position, the human ROI is within the upper section of the body. The ROI is lightened from two directions.  In case of a facial 
ROI, dark protection glasses are given to the patient to protect his eyes against direct light.  
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3. ANAlySIS OF DATA
The recorded information for each participant 

including, the radiotherapist daily scores for the radiation 
induced erythema, the optical images for the participants’ 
ROI, and the spectral datasets were archived and labeled 
by date to facilitate analysis of data.

3.1. Erythema Visual Scores
The erythema score (ES) is calculated by summing the 

result of multiplying the radiotherapist visual erythema 
level (l), based on the erythema measure shown in                  
Figure 2, and its relevant occupied region area (R) within 
the patient’s ROI, as shown in equation 1.

3.2. Spectral Reflectance Computation
A single group of raw images for the ROI along the 

operating spectral range is tagged a datacube. Spectral 
datacubes encompasses a continuous 2-dimensional 
images for the ROI, yet, each is recorded at a consequent 
spectral band. The study participants’ datacubes are initially 
prepared for analysis. The preparation process goes across 
two steps. First, the dark current pixel intensities (Idark) 
are eliminated from the ROI pixel intensities (IROI) by a 
matrix subtraction. Second, the ROI datacube is required to 
be neutralized for the effect of asymmetrically distributed 
illumination. The compensation step is accomplished by 
normalizing IROI to a relative pixel intensity for a white 
standard reflectance object (Iws). The precise compensation 
process entails sustaining the same settings of imaging for 
both patient’s ROI and the white object. Therefore, the 
patient’s ROI reflectance (IROI) is computed as displayed 
in equation 2. 

3.3 Calculation of Erythema Index
The calculated erythema index is based on Dawson 

technique[33]. The principal of Dawson’s formula is simply 
calculating the region enclosed confined by the curve of 
the inverse logarithmic value of the patients’ computed 
reflectance in the eye-detected spectra (510-610nm) using 
equation 3:

Where a, b, c, d, and e refers to the resultant number of 
log10 (PROI) at the following selected spectral bands centered 
at: 510, 540, 560, 580, and 610nm, correspondingly.

3.4. Image Classification
For image classification purposes, linear discriminant 

analysis (lDA) technique is selected for the current 
study[34]. The reason for this selection is that lDA can be 
easily implemented for both color and spectral images. 
lDA implementation becomes optimal once the dependent 
variable, skin erythema, is represented as a categorical one 
provided that the independent variable is consecutive in its 
form likewise time plan for SC treatment. The data classes 
are separated by selecting the optimal plane that leads to 
the maximum separation between the mean for each data 
class provided that the divergence between the individual 
class members is minimal. The guiding principle of lDA 
is to maximize the separation between the mean centers of 
distinct classes while minimizing the variance within each 
class. The key challenge lies in identifying the optimal axis 
that projects the data in a manner that forms well-separated 
clusters. For example, the plane of optimal separation 
should maximize the distinction between classes, ensuring 
the most effective class separation. An exhibition of the 
chief principle of the Fisher lDA technique for data 
classification is shown in Figure 4.

Fig. 5: displays Fisher linear discriminant analysis that classify 
data into separate classes by finding the optimal plane to reach the 
best separation between the different classes.  

4. RESUlTS

4.1. Visual assessment
Figure 6 displays the average scores for the computed 

VA regarding the skin erythema status for the participating 
patients. The represented data shows the mean value of the 
5 patients when they complete the corresponding ratio of 
their treatment sessions. The error bars are representing the 
standard error.

(1)

(2)

(3)
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Fig. 6: illustrates the recorded normalized the mean values for 
the computed VA regarding the skin erythema status for the 
participating patients. The recorded scores are plotted against the 
treatment fractions. The error bars are used to show the standard 
error for the computed VA scores. The red trend line shows an 
arising skin erythema score with a squared error (R2 =0.9785).  

4.2 Skin Erythema Indices
The calculated normalized melanin- corrected erythema 

index is illustrated in Figure 7 while the relevant relative 
erythema index is exhibited in Figure 8 for the recruited 
patients.

Fig. 7: displays the calculated mean value for the melanin-altered 
erythema index. The error bars demonstrate the variation in the 
figured erythema among individuals in terms of standard error. 
The orange trend line shows an arising skin erythema score with 
a squared error (R2 =0.5048). 

Fig. 8: displays the calculated mean value for the relative 
erythema calculated index. The error bars demonstrate the 
change in the figured index among skin cancer patients in terms 
of standard error. The orange trend line shows an arising skin 
erythema score with a squared error (R2 =0.7382). 

4.3 Image classification
The adopted lDA classification technique was applied 

on the captured images either being spectral or color ones. 
The reason, for applying lDA, is to compare the two 
imaging modalities. HSI shows a comparable performance 
with traditional optical imaging in both accuracy and 
sensitivity. Nevertheless, HSI significantly outstrips 
optical imaging in not only the specificity but also in the 
geometrical mean. We display 6 classification parameters 
for spectral and optical imaging in the process of evaluating 
skin erythema for RT-treated SC patients in Figure 9.

0

0.2

0.4

0.6

0.8

1
HS Imaging

Optical Imaging

Fig. 9: displays the classification computed parameters for 
comparing HSI and optical imaging regarding quantifying 
radiation-induced skin erythema.
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5. DISCUSSION
VA is the standard monitoring technique for radiation 

therapy toxicity. However, it is subjective, eye acuity 
dependent, and exposed to inter/ intra variability between 
the performing radiotherapists. To be unbiased toward 
the study’s results, two alternative radiotherapists were 
involved in the research study. Each study session 
is attended by one radiotherapist while the other one 
performs the assessment offline based on an RGB image 
of the participant daily. Both participating radiotherapists 
are interchanged between online and offline assessments 
of patients. In our study, VA displayed an arising score for 
skin erythema along the timeline of treatment.

The computed skin erythema indices are computed 
based on objective daily measurements of skin spectral 
profile. The melanin-altered erythema index achieved 
less successful objective monitoring for the skin subjected 
to inflammation as shown in Figure 6. However, the 
relative erythema calculated index was more successful 
in following up the increase/ spread of skin erythema in 
proportion to the accumulation of the radiation dose as 
exhibited in Figure 7. The coefficient of determination 
in both cases of erythema indices proved that the relative 
erythema index is better in objectively monitoring skin 
inflammation. Being objective, less time consuming, in 
addition to lower expenses of relative erythema index 
makes it a potential economic skin assessment alternative. 

HSI classification data presented a piece of evidence 
that it is performing better than traditional digital color 
images for dermatological inflammation[27,35]. However, 
the utilized HSI hardware in this study costs more than 
traditional digital color imaging, and technology is 
offering cheaper HSI solutions[36]. Moreover, the optimal 
distinguishing spectral bands selection procedure paves 
the way to replace sophisticated HSI hardware with 
multispectral imaging that costs less in time, money, and 
expertise[37].

6. CONClUSION
This study offers a potential approach, HSI, for 

objective assessment of radiation-induced skin erythema. 
The advantage of HSI is that it provides a contactless 
opportunity for investigating the toxicity symptoms 
of radiation in a sizable skin region. We summarize the 
outcomes of the current work as follows:

1- The calculated relative index for RT-induced 
erythema is a highly sensitive parameter to sense skin 
inflammation. 

2- The supervised image classification using the lDA 
method demonstrated the potency of HSI in contrast to 
optical imaging in specificity along with geometric mean.

3- HSI is a potentially useful technique for skin burn 
investigation since it is contactless, objective, and capable 
of studying relatively wide regions at the same time. 

The progress in developing even illumination sources 
with less emitted heat, widely operating tunable filters, and 
highly sensitive while being handy camera sensors will 

empower HSI to be on the shelf for dermatologists’ clinics. 
Furthermore, HSI is a good proposal for fast recognition 
of injuries due to working in hazardous radiation facilities. 
yet, endeavor work needs to be done in both the laboratory 
and the clinic to authorize HSI to be a commercial 
instrument in dermatology clinics.
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