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A B S T R A C T   

Skin cancer (SC) is a widely spread disease in the USA, Canada, and Australia. Skin cancer patients may be 
treated by many different techniques including radiation therapy. However, radiation therapy has side effects, 
which may range from skin erythema to skin necrosis. As erythema is the early evidence of exposure to radiation, 
monitoring erythema is important to prevent more severe reactions. Visual assessment (VA) is the gold standard 
for evaluating erythema. Nevertheless, VA is not ideal, since it depends on the observer’s experience and skills. 
Digital photography and hyperspectral imaging (HSI) are optical techniques that provide an opportunity for 
objective assessment of erythema. Erythema indices were computed from the spectral data using Dawson’s 
technique. The Dawson relative erythema index proved to be highly correlated (97.1 %) with clinical visual 
assessment scores. In addition, on the 7th session of radiation therapy, the relative erythema index differentiates 
with 99 % significance between irradiated and non-radiated skin regions. In this study, HSI is compared to digital 
photography for skin erythema statistical classification.   

1. Introduction 

Skin cancer (SC) is classified into non-melanoma skin cancer (NMSC) 
and melanoma skin cancer (MSC). MSC is life-threatening, but fortu-
nately, it accounts for only 2 % of SC patients [1]. NMSC can be treated 
through several approaches [2], most commonly, surgery or local 
radiotherapy [3]. Elderly SC patients are frequently excluded from the 
surgical approach due to age-related comorbidities [3,4]. Radiotherapy 
treatment uses ionizing radiation (X-rays photons/electrons) [2] to 
produce a series of fatal DNA disruptions to control malignant tumor 
growth. Frequently, the prescribed dose of radiation is divided into a 
number of smaller doses, called “fractions” [5,6]. These fractions have 
upper and lower limits for daily dose (Gy/day) designed to achieve 
maximum therapeutic benefit and minimum tissue toxicity. 

The toxicity of healthy skin is an undesirable side effect of radiation 
therapy. Some studies [7–10] have articulated that at least 85–95 % of 
radiotherapy-treated patients encountered adverse side effects [59]. 
These side effects vary in intensity from mild (erythema) to severe (skin 

necrosis) and depend on several human-related parameters [7,8,10–12]. 
The parameters which are highly correlated with the adverse skin re-
actions were studied formerly [13–16]. Age, gender, radiation type, and 
the treated body part of the patient were found to be the most domi-
nating parameters, while the dose level was less dominant [17–19]. The 
surveys done on irradiated patients stated that radiation induced skin 
toxicities vary in its nature, time to become visible and severity [7,20]:  

1 The earliest skin response manifests as transient skin redness (skin 
erythema) which becomes apparent in under or it can linger visibly 
undetected up to 15 fractions.  

2 The soreness of the skin that takes place due to the fluctuating death 
in the amount of epidermal basal cells. It typically occurs after 15 
fractions. The consequence of skin soreness is either a dry or wet 
desquamation [9].  

3 A long-term skin response (dermal ischemia and necrosis) may come 
about 2–4 months after irradiation. 
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4 Late skin damage, such as the development of telangiectasia and 
severe necrosis might ensue a year later. 

Erythema was chosen as a suitable radiation-induced skin toxicity to 
study with optical techniques over the course of treatment. Erythema 
(skin redness) is an inflammatory response to injury caused by ionizing 
radiation. Erythema is the result of damage to the basal cells of the 
epidermis. Tissue injury causes vasodilation, which changes perfusion 
within the dermis layer. The light within the visible-NIR spectra pene-
trates the human skin with 2 mm depth [22] and thus, imaging in the 
VNIR region can probe the epidermal layer to capture the erythema. 

Efforts were undertaken to apply several techniques in objectively 
evaluating radiation-induced erythema [18,20,22–25]. Despite the di-
versity of the former objective techniques [26–28], visual assessment is 
still considered the gold standard for skin erythema evaluation [29]. 
However, visual assessment is far from ideal, since it is subjective and 
strongly dependent on observer experience and human factors including 
visual acuity. Two assessment techniques, Diffuse reflectance spectros-
copy (DRS) [30–32] and digital imaging [33–35] were studied as 
objective alternatives to VA. Yet, both were found unsatisfactory by 
clinicians. Clinicians criticize DRS because the region inspected is small 
and requires skin contact. Digital imaging is criticized because it pro-
vides limited spectral details and depends on the photographer’s skills. 
Hence, a technique that overcomes these shortcomings may be better 
accepted by clinicians for clinical work. 

Hyperspectral imaging (HSI) is a rapidly emerging optical technique 
that is the objective of many fields of research [36–39] including med-
icine [40]. HSI captures multiple frames of sequential spectral bands for 
a well-defined region. A radiance spectrum can be collected for each 
pixel recorded in the stack of frames. Thereby, HSI rises above the 
limitations of DRS and digital imaging and overcomes the subjectivity 
and experience-based disadvantages of the gold standard but is complex 
and time consuming. 

This study is investigating the potential of HSI for objectively 
quantifying radiotherapy-induced erythema. This study will: (1) analyze 
the visual assessment scores, (2) compute the daily diffuse reflectance of 
the skin, (3) estimate the skin’s chromophores concentration using least 
square fitting, and 4) apply a statistical classification upon HSI and 
corresponding digital color images for the skin erythema and compare 
the results. 

2. Materials and methods 

2.1. Clinical protocol 

The entire clinical work was conducted with the approval of our 
research ethics board committee for human experiments. Written con-
sent was given by all participating subjects along with a schedule of both 
study and treatment sessions. The patients were instructed not to apply 
any topical agent or skin dressing except under the recommendation of 
the oncologist. 

Eight skin cancer patients were consented to participate in the study, 
however, the data for only five patients were included in this study. The 
data for the remaining three patients were not included on the basis of 
the study’s exclusion criteria. The demographic data of the five patients 
is displayed in Table 1. The average age was 75 years old, with 2:3 

female to male ratio, respectively. All the recruited patients were diag-
nosed with NMSC; either basal cell carcinoma (BCC) or squamous cell 
carcinoma (SCC) and received at least 10 radiation fractions during 
treatment. The treated location, for the recruited patients, varied be-
tween the arms, legs and face regions. The type of radiation prescribed 
was either electrons or x-rays. 

The daily hyperspectral imaging and skin assessments were sched-
uled before each patients’ treatment. At the session, a radiotherapist 
assessed the skin for erythema, assigned erythema grades and docu-
mented any relevant symptoms or features. A special reclining chair was 
used to seat the patients and reproduce their daily position for imaging. 
A platform was designed and built to house the imaging instrumentation 
and help maintain a constant relative patient-instrumentation place-
ment. For each patient a treatment field, referred to as the region of 
interest (ROI) as marked on the patient skin with a marker to ensure 
reproducibility. A transparent film was used as a template to reproduce 
the ROI marks, which included permanent landmarks and features such 
as skin folds, moles or freckles. The template helped reposition the ROI 
in the event that the marks were removed or faded during the weekends. 
The template also had information such as orientation and image edges, 
which helped registering consequent images during analysis. An image 
of one patient’s treatment ROI is shown in Fig. 1. 

2.2. Visual assessment 

On a daily basis, a study questionnaire was completed verbally by the 
patients. The intent of the questionnaire was to document the patients’ 
activity from the previous day along with any skin reactions noted 
during the session. Topical agents applied by the patient in the ROI were 
also documented. The patients’ answers and erythema scores were 
recorded on a paper-based tracking system and as a digital record. Skin 
erythema scores were graded on a 5-steps scale as shown in Table 2. 

The scale was designed in consultation with the radiotherapists at 

Table 1 
Demographic data of the patients participating in the study.  

Patient Gender Age Histology Radiation type Energy Bolus Dose (cGy) Fractions Site 

1 Female 88 SCC Electrons 9 MeV 1.5 cm 5000 20 Left tibia 
2 Female 56 BCC X-rays 65 KVp – 5000 20 Left forearm 
3 Male 68 BCC X-rays 65 KVp – 4250 10 Left cheek 
4 Male 85 BCC Electrons 12 MeV 1cm 4250 10 Right ear 
5 Male 75 SCC X-rays 130 KVp – 4250 10 Left temple  

Fig. 1. Picture of a ROI is marked on the knee one of the participants. The 
marks were used as a reference for daily radiation treatments. To verify clinical 
procedure reproducibility, a transparent film template with the patient marks 
was created as a backup in case the original marks faded. 
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Juravinski Cancer Center. Each erythema level was assigned as a per-
centage score. Frequently, the patient’s skin developed more than one 
erythema level within the ROI but rather inhomogeneous distinct ery-
thema levels. 

2.3. Digital color imaging 

A digital camera was used to capture daily images of the patients’ 
ROI. The image was not limited to the marked ROI, The digital images 
also captured an area of normal skin outside the treatment field. The 
non-irradiated skin region within the captured frames enabled tracking 
of daily normal skin status. Digital imaging was repeated three times at 
each session to reduce human-based errors. The digital color images 
were captured by a high definition digital video camera (HYUNDAI- 
HDMI-768) which has a 16 Mega-pixels sensor along with a 3′′ LCD 
display to adjust the FOV (field of view). The camera was equipped with 
an objective lens F/3.2, f = 7.5 mm. The camera dimensions were 110 ×
58 × 50 mm and weighed 240 g. The illumination and the perspective 
view were considered to be the same along the entire study. Color im-
ages were used as a record of the skin appearance. In addition, it facil-
itated the cross-validation of the clinical erythema scores among 
different radiotherapists assessing the skin. 

2.4. Hyperspectral imaging 

A custom-made HSI system, developed and characterized elsewhere 
[41], was used to acquire the patients’ data. For this purpose, the pa-
tient’s FOV is illuminated with a halogen light source emitting in the 
VNIR spectra. The light was shone on the patients from different di-
rections to reduce the shadow effect. 

The patient’s ROI back-reflected light is collected at the focal plane 
of a zoom lens. An optical relay is used to convey the captured FOV 
through the optical configuration using an achromatic lens pair. The 
collimated beam output of the primary relay lens is transmitted through 
a polarizing beam splitter (PBS), which permits the linearly vertical 
polarized light component to go through while reflecting the horizon-
tally polarized component. The horizontally polarized component is 
folded toward a half-wave plate for a 90◦ degrees polarization rotation. 
By then, both PBS light components are directed onto an acousto-optic 
tunable filter (AOTF) [42]. Tweaking the horizontal component of the 
polarized input ray contributes to raising the system throughput since 
the involved AOTF cell is optimized for linearly vertical polarization. 
AOTF crystal derived from an RF synthesizer diffracts tunable light 
bandwidth angularly, separating it from the original beam. The second 
optical relay lens is aligned to receive only the separated diffracted light 
band and focus it on the detector. 

The HSI imaging detector (Ximea MQ042rg-CM Enhanced-IR) 
incorporated in the system is a monochromatic CMOS sensor-based 
camera. It has an active sensor area of 11.24 mm2 with 2048 × 2048 
pixels and a pixel pitch of 5.5 μm. The camera exposure time extends 
from ~25 μsec up to 1 s and supports up to 90 frames per second. A skin 
region of approximately 11 × 11 cm2 was considered to involve both 
irradiated and non-irradiated regions, resulting in a spatial resolution of 

0.05 mm/ pixel. 
A developed code by C-language was used to synchronize the AOTF 

and camera operation simultaneously through a user-friendly interface. 
The single hyperspectral data set involves three datacubes: the first for 
the patient ROI, the second is for a standard white diffuse reflectance 
surface (SRS-99-010, Labsphere, North Sutton, New Hampshire), and 
the third for the camera dark current. The white standard surface 
datacube is collected right after the imaging the patient, in order to 
maintain the same position and illumination conditions. The camera 
dark current data is collected while the zoom lens cap is on and all lights 
are off. Each datacube includes 89 narrowband images bounded by the 
spectral range of 450:850 nm. The integration time for capturing one 
band image is one second, and thus a single datacube takes 89 s. Spectral 
data sets, likewise digital color imaging, were repeated 3 times to 
minimize human errors. A simulation for the study’s imaging session is 
shown on a volunteer in Fig. 2. 

2.5. Data analysis 

For each patient, the skin erythema clinical score was tabulated in 
his/ her file day-to-day. Besides the clinical score, the captured digital 
color images, and the spectral HSI datacubes, for the corresponding 
same day, were filed and labeled by the patient code and the date of data 
acquisition. 

2.6. Visual assessment score 

The erythema score (S) is computed as the summation of the visual 
erythema grade (G), assessed by the radiotherapist, multiplied by the 
corresponding occupied percentage area within the treatment field, as 
shown in Eq. (1). To give an example, a score of 1.0 is equivalent to a 
bright erythema present on the entire treatment field. 

S =
∑4

i=1
Gi*Ai (1)  

2.7. Spectral reflectance computation 

The patients’ daily datacube is preprocessed for analysis in two 
consecutive steps. The first step is to subtract the dark datacube pixel 
intensity (Idark) from both the patient’s raw datacube (IROI) along with 
the reference white standard pixel intensity (Iws). The dark datacube 
represents the existing background. The second step is to divide the 
patient data by the corresponding background-free white reference data. 
The former preparation steps are mathematically displayed in Eq. (2) 
and applied using Image-J software [43]. 

Table 2 
Clinical assessment of skin erythema 5-steps grading scale.  

Erythema 
level 

Score 
(%) 

Description 

Normal 0 No visible erythema 
Very faint 25 Skin has a very light pink color 
Faint 50 Skin reaction is more apparent with clear borders but is 

still pink with more intensity. 
Bright 75 Erythema is apparent in bright pink and borders are 

clearly defined. 
Very Bright 100 Skin is bright red, borders are very well defined, 

capillaries and bruising may be visible.  

Fig. 2. A volunteer simulating patient is seated in order to be prepared for 
hyperspectral imaging. The treatment field is supposed to be on the right leg, 
therefore, it is illuminated from two sides to avoid the shadow effect. Sunglasses 
were worn to protect the subject eyes. 
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RROI =
IROI − Idark

Iws − Idark
(2) 

The resultant output of Eq. (2) is the spectral-resolved diffuse 
reflectance datacube. Since each datacube is composed of 89 narrow-
band images, image registration is required for processing. For regis-
tration purposes, the narrowband image with the central wavelength λ =
600 nm was assigned to be the reference band. The aforementioned 
narrowband image is assigned since it is located on the highest point of 
the spectral performance for our employed hyperspectral imaging sys-
tem. The reference band is used for image registration to eliminate the 
patient’s movements using Image-J software. A Sample of the datacube 
narrowband images at few wavelengths (560, 580, 650, 700, and 840 
nm), along with a digital color image for the same patient ROI is dis-
played in Fig. 3. All the images, spectral and color, were taken at the 
same time point (13th session) of the radiotherapy treatment. 

The skin erythema implies a large variation of the skin content of the 
hemoglobin chromophore. The hemoglobin is distinguished by two 
spectral absorption peaks at around wavelengths 560 and 580 nm. 
Therefore, the highly concentrated hemoglobin regions look darker in 
the spectral narrowband images centered at the aforementioned wave-
lengths [44,45]. The penetration depth at the green spectra, including 
the 560 and 580 nm bands, is limited to fractions of mm range [46], 
which restricts the visibility to superficial capillaries. However, deeper 
skin information could be achieved at longer wavelengths since the 
visible skin chromophores are less absorptive and thus, light can travel 
further down to a couple of millimeters. For instance, the longer 
wavelength bands show a pale shadow, due to erythema, in the region of 
increased hemoglobin content as seen at 650 nm, and 700 nm narrow-
band images. At the narrowband image of 840 nm central wavelength, 
all the chromophores display absorption minima. 

The skin erythema visibility is not only because the red portion of the 
incident light was greatly scattered, but also due to the fact that green 
portion was intensely absorbed as shown in Fig. 4. As the melanin 
concentration of the epidermal layer is indeterminate, the estimated 
hemoglobin concentration is considered apparent in the case of a single- 
layered tissue model. In fact, the apparent hemoglobin concentration is 
an indicative value, but unlike the true concentration it is found in ex- 
vivo dermal skin tissue. However, it is still a quantitative index for er-
ythema percentage variation if a hemoglobin baseline concentration is 
considered. 

2.8. Erythema index computation 

The erythema index, proposed by Dawson [47] and cited more than 
460, is a common computational method, for probing skin chromo-
phores change in concentration out of measured diffuse reflectance. The 
method is based on computing the area under the curve (AUC) of the 
logarithm of the skin diffuse reflectance reciprocal (LRR) in the visible 
region (510− 610 nm). This spectral region is comprised of two of the 
hemoglobin distinguished absorption peaks. Dawson’s erythema index 
(DEI) is computed according to Eq. (3): 

DEI = 100*
[

r +
3
2
(q + s) − 2(p + t)

]

(3)  

Hereby, p, q, r, s, and t are symbols expressing the LRR values of the 
measured data at the five wavelengths 510, 540, 560, 580, and 610 nm, 

Fig. 3. Sample of the datacube band images at 
selected wavelengths (560, 580, 650, 700, and 
840 nm), along with a digital color image for 
the same patient ROI. All the images, spectral 
and color, were taken at the same time point 
(13th session) of irradiation. The 560, 580 nm 
bands are highlighting the hemoglobin absorp-
tion, while the 650, 700 nm are representing 
the melanin correction bands, and the 840 nm 
NIR band is showing the low absorption of the 
majority of skin chromophores (hemoglobin, 
melanin, and water).   

Fig. 4. Patient diffuse reflectance spectra for the treatment field of skin on 
treatment days (reddish dots), and at the end of treatment (black dots). A 
reference diffuse reflectance spectrum for non-irradiated skin region is plotted 
(blue dots). The amount (percent) of reflected light is temporally decreasing in 
the green region in a gradual style rather than the corresponding arbitrary 
behavior in the red one. 
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respectively. According to the HSI instrument specifications the former 
wavelengths were not exactly reachable, so we replaced the p, q, r, s, and 
t LRR exact values by the corresponding LRR average value for the 
adjacent spectral range (λp,q,r,s,t ± 5 nm). 

The melanin, chromophore is an influential component in the visible 
diffuse reflectance spectroscopy of skin. As a result, melanin’s effect 
needs to be compensated in the erythema index computation by using 
skin reflectance data at two wavelengths (650&700 nm) to compute 
Dawson’s melanin index (DMI) [48]. The aforementioned wavelengths 
were selected because melanin’s spectral absorbance is proportional to 
its concentration at these two spectral points, as well as the low absor-
bance of the hemoglobin in this spectral region [47]. DMI is computed 
with the same averaging range (λ ± 5 nm) for the wavelengths applied t 
Eq. (4). 

DMI = 100*[Log10

(
1

(R645,650,655

)

− Log10

(
1

(R695,700,705

)

+ 0.015] (4) 

The corrected erythema index (DEIc) is computed using DMI by 
applying the formula shown in Eq. (5), where γ = 0.04 is an empirically 
derived balancing constant to avoid negative values as a result of other 
existing but non-significant skin chromophores. 

DEIc =

(

100*
[

r +
3
2
(q + s) − 2(p + t)

])

*(1 + (γ*DMI)) (5) 

In this study, the participating patients were seen on a daily basis to 
monitor the development of erythema due to irradiation. For this reason, 
day-to-day erythema assessment might be needed for clinical purposes. 
Thus, relative Dawson erythema index (DEIr) is calculated. DEIr is 
computed by subtracting DEIc for one day from the previous day. The 
erythema relative index provides a more informative figure for the skin 
color alteration since it avoids the effect of systemic errors. 

2.9. Estimation of skin chromophores 

Diffuse reflectance data acquired by spectroscopic based instru-
mentation need to be interpreted using a model to account for the 
propagation of the light inside biological tissues. In our study, the model 
can be approximated by a perpendicular light source illuminating a 
semi-infinite, homogeneous slab. Quantitatively estimating the con-
centrations of the main chromophores can be accomplished with a 
conditional least-square fitting of the skin-absorbers’ extinction co-
efficients. The logarithmic reciprocal of the measured diffuse reflectance 
data R(λ) is optimally fitted by the sum of the dominant skin chromo-
phores’ extinction coefficients εn(λ) in the applicable spectral region, 
multiplied by their concentrations Cn as shown in Eq. (6) [49]: 

log10

(
1

R(λ)

)

=
∑

n
Cn*εn(λ) (6) 

Three chromophores are dominant in the visible spectrum (500− 840 
nm; the oxygenated fraction of hemoglobin (HbO2), the deoxygenated 
fraction of hemoglobin (Hb), and melanin. A minor effect might be 
attributed to other skin chromophores such as water and fats. This effect 
can be compensated by adding a constant (Rc) as in Eq. (7): 

− log10 [R (λ) ] = Coxy. εoxy(λ) + Cdeoxy. εdeoxy(λ) + Cm. εm(λ) + Rc. (7)  

Where the terms: Coxy, εoxy(λ), Cdeoxy, εdeoxy(λ), Cm, and εm(λ) are the 
concentrations and extinction coefficients of HbO2, Hb, and melanin, 
respectively. 

2.10. Image classification 

Classification in the HSI context is the process of allocating distinct 
data classes within a hyperspectral datacube. For allocating the separate 
classes, a step-wise procedure is followed. The first step is data 

normalization to a reference (the white standard in our case). The sec-
ond step is to reduce the noise in the collected data via a smoothing 
technique. Various approaches are available to reduce the background 
noise in an image including software enhancement or involving high- 
end optical filters. The latter approach is an expensive one. However, 
software enhancement using for example Wiener filter is considered an 
efficient noise reduction approach [50]. Wiener filter statistically esti-
mates the meaningful information out of the original noisy data with a 
lossless amount of real information. It uses the minimum mean square 
error method to exclude less useful information [51]. It is selected as it 
improves the relative signal to noise counts through applying conve-
nient parametric or nonparametric techniques [52]. To make it simple, 
the Wiener filter can be considered as a low-pass imaging filter that is 
able to be tweaked to the input image’s local variance and can be 
mathematically expressed as in Eq. (8) [50]. The terms: Iw(x, y) is the 
filtered pixel which is corresponding to the noisy input pixel I0(x, y), ν 
expresses the noise variance, μ and σ2 are the image locally computed 
mean and standard deviation [53]. 

Iw(x, y) = μ +
σ2 + ν2

σ2 (I0(x, y) − μ) (8) 

In fact, some hyperspectral bands are negligibly informative. One 
main reason for certain bands to be less informative is the systemic 
reduced performance of the HSI optical/ non-optical components. For 
instance, the low performance might be due to the less uniform illumi-
nation spectra or the low detector’s quantum efficiency, or both com-
bined. For excluding less informative HSI bands, band/ variable 
selection (VS) computational process is used. VS is not an arbitrary 
process since it is executed given a condition of 99 % information within 
datacube is retained. VS works differently than the dimensionality 
reduction procedures. The reduction procedures provide its output data 
with less capability of extracting the high informative bands out of the 
original ones but VS does. In this study, the matrix low-rank represen-
tation (MLRR) [54] is used for achieving VS. MLRR technique is based 
on sorting the variables in terms of the band self-contained information. 
To put it simply, MLRR is clustering data pixels drawn from the larger 
multiple subspaces to delineate outliers. Computing the bands’ rank, 
within a datacube, is accomplished using the Frobenius (element-wise) 
matrix norm, as follows: 

X =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

i,j

(
Xi,j
)2

√

. (9) 

MLRR clustering starts with calculating the summation for each 
squared matrix, band-image, columns ‖X‖ and arrange the columns in a 
descending order. Then, specifying a threshold percentage value P =
0.99 (significance interval), a comparison between each band, ‖Xk‖, and 

the average norm 
⃦
⃦
⃦X
⃦
⃦
⃦ of all the bands will highlight outlier bands 

among the rest: 

‖Xk‖⃦
⃦
⃦X
⃦
⃦
⃦
> P (10) 

In summary, VS identifies the least informative bands which preserve 
99 % of the information in the datacube. By then, the data analysis time 
for HSI is reduced. To give an example, Fig. 5 displays two rows of 
images that belong to a single datacube for one participating patient. 
The top row of images has a very low signal to noise ratio and thus 
provides less than 1% of the datacubes’ information. The elimination of 
the former bands has a negligible effect on the information of interest. In 
Fig. 5, the excluded bands (485 nm, 487 nm, and 491 nm) are located in 
the region that, physiologically, the skin has no distinct features relevant 
to both hemoglobin chromophores. Instead, the highest informative 
bands are shown in the bottom row of Fig. 5. 

For erythema classification, skin annotations for the distinctly 
developed skin inflammation are required. For this purpose, annotations 
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were drawn, using Image-J software, by an attending radiotherapist for 
the study’s daily imaging session. The radiotherapist annotations serve 
are the ground truth data for erythema assessment. The ground truth 
data is used for the training and cross-validation in the HSI data clas-
sification. As the developed erythema is non-homogenously located on 
the skin region of interest, the radiotherapist annotations do not form 
mutually exclusive contours. This is a complication for the HSI data 
classification. To come over this complication, a logic X-OR operation is 
used to separate the distinct erythema regions and provide exclusive 
contours for each level as shown in Fig. 6. The non-erythematous skin 
was used as a reference for healthy skin. 

Following the annotation process, the data becomes ready for clas-
sification. Among various techniques, we employed the linear discrim-
inant analysis (LDA) [55] method for the HSI data classification. In 
principle, LDA technique generates a linear transformation matrix H 
that reduces the spectral k-dimensional raw data of vector F to an 
s-dimensional vector provided that s < k [56]. 

a = HT F ε Rs (11) 

The spectral dimensional reduction is placed on the concept of 
achieving the maximum possible separation among data classes 
dissemination [56]. To make it clear, LDA rule of thumb is to maximize 
the displacement between the central mean point (M) of the distinct 
classes, meanwhile preserving interclass variance (V) to be minimum 
[57]. The challenge is to find the axis that projects the data cloud into 
separate clusters with means M1, M2, …, Mn and small variance V1, V2,

…, Vn. For instance, in the case of two classes’ mode the term (W), in 
Eq. (12), represents the plane of best separation, should be maximal to 
achieve the superlative separation between each class and the other. 

F(W) =
|M2 − M1|

V2 − V1
(12)  

3. Results and discussion 

3.1. Visual assessment 

The total score for the erythema VA is determined based on the daily 
given score by the radiotherapist in response to the daily received 

Fig. 5. A display for the least informative bands (485 nm, 487 nm, 491 nm), (top-row), and the highest informative bands (696 nm, 728 nm, 736 nm), (bottom-row) 
in a single datacube captured for one patient. Both groups of bands were determined by the matrix low-rank representation technique. 

Fig. 6. A sample of annotations created by the radiotherapist to mark two distinct erythema regions as ground truth data. The annotations are overlaid on both 
spectral data (left) and digital color image (right). The eye shield appeared in the images was put on the patient face for the elimination of light inconvenience 
during imaging. 
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fractions of radiation for all patients. Fig. 7 displays the computed VA 
average score for the participating patients who successfully completed 
the entire study. The scores were presented against the treatment per-
centage of completion. The error bars represent the standard deviation 
of the VA scores among patients. The standard deviation is relatively 
large since human factors are distinct between patients including age, 
skin cancer region, and gender. Accumulation of the radiation fractions 
in the ROI’s of the participating patients resulted in a clear increment in 
the erythema score which is proportional to time. 

3.2. Skin reflectance and erythema indices 

Once the skin spectral reflectance for the participating patients is 
computed, it was thought-provoking to monitor the behavior for the skin 
chromophores indices. Regarding the melanin chromophore, the 
computed index displayed a fluctuating behavior from one session to the 
next. Fig. 8 shows the average values for the melanin index for the 
participating patients while the error bars represent the standard devi-
ation. A dotted black horizontal line is drawn intersecting h the initial 
level of the apparent melanin prior to receiving any radiation fraction. 
The purpose of drawing this line is to monitor the melanin index value 
with respect to the original level for the participating patient. The 
oscillation in melanin index value all along the radiotherapy treatment 
time proves that there is no consistent relation between the skin melanin 
chromophore content and the accumulation of radiation fractions. 

In addition to the melanin, corrected and relative erythema indices 
were calculated for the participating patients by applying Dawson’s 
formulas [47]. The computed melanin-corrected erythema index is 
exhibited in Fig. 9 while the corresponding relative index is displayed in 
Fig. 10. A healthy individual subject volunteered to participate in the 
study. The volunteer is asked to attend an imaging session at the same 
time on a daily basis for 10 consecutive days maintaining the same 
routine of imaging, just as participating patients would. The volunteer 
data was captured according to the study protocol. The corrected and 
the relative erythema indices were computed and presented in Figs. 9 
and 10 for contrast purpose. The error bars for the volunteer case are 
expressing the standard deviation of the measurement repetitions. 

The corrected erythema index showed no trend during the early 
treatment days, but it increases persistently, at a variable rate, in the 
second half of the treatment period. We expect that the oscillating 
behavior for the corrected erythema index is due to fluctuation in the 
rate of the basal cells destruction in the epidermal layer of the skin [20]. 

Consequently, the inflammatory response of the skin is not consistent. 
This inconsistent inflammation might be due to the stops in treatment 
because of weekends, or statutory holidays within the treatment time 
period. These stops contributed enlarged the error bars. On the volun-
teer side, the melanin corrected erythema index showed an intermittent 
alteration with respect to the initial base and small error bars. The 
volunteer’s erythema altered level reflected the daily changes of the skin 
health status with no clear trend. 

The relative erythema index compares skin inflammation in an 
irradiated body part to a non-irradiated body part. For patients, the 
relative erythema index displayed a consistent increase against the days 
of treatment. To confirm the former result, the relative erythema was 
computed for a healthy volunteer for two distinct regions in his arm. The 
healthy volunteer data displayed, in Fig. 10, similar values in all the days 
of imaging except for the baseline measurement. For verification pur-
poses, the former results out of the computed erythema indices need to 
be statistically significant. 

Fig. 7. Visual assessment average score for the recruited patients, who suc-
cessfully completed the study, during the plan of treatment. The scores are 
presented against the treatment completion percentage. Error bars represent 
the standard deviation among patients. A horizontal dotted line is drawn for 
referencing purpose. 

Fig. 8. The study successful Patients’ average melanin apparent presence 
behavior for the entire radiotherapy treatment time are scattered on the data 
points while the error bars are expressing the variability recorded 
among patients. 

Fig. 9. Displays, in red points, the computed average for melanin corrected 
erythema index. The error bars express the variability in computed erythema 
among patients. The red dotted horizontal line is acting as a baseline for all the 
subsequent measurements. The blue points and dotted horizontal line is 
displaying the volunteer melanin corrected erythema index and baseline, 
respectively. 
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For significance check, Wilcoxon nonparametric two-tail paired test 
was used to examine the hypothesis of a meaningful difference between 
the skin’s diffuse reflectance at subsequent time points of radiation 
treatment session against a prior one. Wilcoxon test was utilized in this 
study, seeing that it works well for a small number of observations. 
Basically, the Wilcoxon test analyzes the difference in the computed 
median for two groups of population before and after exposure to a 
certain experiment [58]. Relative erythema indices, corrected erythema 
indices, and melanin indices were selected since they are dependent 
parameters on the skin diffuse reflectance at nine time-points along the 
radiation treatment plan. Each data point was examined with respect to 
the initial data point. The examination score is compared to the tabu-
lated Wilcoxon statistical value for the corresponding number of ob-
servations. The tabulated Wilcoxon value is plotted as a black horizontal 
line in Fig. 11(a). This line is the marginal threshold, above which the 
null hypothesis is rejected. The significance of the Wilcoxon test results 
is illustrated in Fig. 11(b). 

The Wilcoxon test showed that the relative erythema, the corrected 
erythema, and melanin indices reached and crossed the null rejection 
threshold at a certain time point through the prescribed radiation 
treatment period for patients. Markedly, the melanin index has a single 
time point in the mid-way of the treatment period which crossed the null 
rejection threshold. As a result, the Wilcoxon statistical test confirmed 
the inconsistent change in the apparent melanin concentration within 
the skin due to receiving radiation therapy. 

The relative erythema index was the early parameter in terms of time 
to cross the null hypothesis rejection limit with 90 % significance at the 
third time point. Furthermore, it reached a significant ratio of 99 % at 
the seventh time point earlier than the corrected erythema index. This 
result highlighted the potential of the relative erythema index in 
delineating the skin response to cancer radiation treatment in a consis-
tent way. It also is evidence of the insignificance of melanin chromo-
phore concentration variability during radiation therapy treatment. So 
as to approve the benefit of computing erythema indices, it needs to be 
correlated with visual assessment. For that purpose, the Pearson corre-
lation was computed. The correlation between the visual assessment 
scores and the corrected erythema index was found to be 79.1 %, and for 
the relative erythema index was 97.1 %. The former correlation results 
emphasized the potency of relative erythema index in objectively 
quantifying skin’s reaction toward exposure to radiation. 

3.3. Estimation of skin chromophores 

The main chromophore responsible for the skin’s redness/ erythema 
is the hemoglobin in both oxygenated and non-oxygenated form. Prob-
ing apparent hemoglobin concentration is an analytical step in devel-
oping a deep understanding of the physiological phenomena accounting 
for the induced skin inflammation due to radiation exposure. For that 
purpose, the least-square fitting for the computed reflectance data was 
accomplished using the extinction function for both hemoglobin forms. 
This way is used in this study in order to quantitatively estimate he-
moglobin apparent concentration during treatment. 

The apparent concentration of hemoglobin for involved patients, in 
this study, were averaged and scattered along the days of treatment as 
illustrated in Fig. 12(a, b). Error bars represent the variability between 
the patients. Oxyhemoglobin apparent concentration shows a clear 
trend of upturn throughout the days of irradiation dose exposure. 
Deoxyhemoglobin, on the other hand, followed a fluctuating trend. Both 
hemoglobin components was added to obtain the total apparent hemo-
globin concentration displayed in Fig. 12(c). The estimated concentra-
tion of the total hemoglobin showed a sporadic trend of ups and downs 
in the treated body part versus the original concentration before 

Fig. 10. Displays, in red points, the computed average for relative erythema 
index. The error bars express the variability in computed relative erythema 
among patients. The red dotted horizontal line is acting as a baseline for all the 
subsequent measurement. The blue points and dotted horizontal line display 
the volunteer relative erythema index and baseline, respectively. 

Fig. 11. Wilcoxon (a) statistical test results against null hypothesis rejection 
limit (no change), (b) corresponding significance percentage for relative ery-
thema, corrected erythema, and melanin indices, along the radio-
therapy treatment. 
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irradiation with a general incremental trend. This result is expected due 
to the unlike temporal apparent concentration behavior acted by both 
hemoglobin components. Other Potential reasons for the former 
behavior of the hemoglobin, are (1) the participating patients live 
different lifestyles throughout the days of treatment, (2) the 
radiotherapy-induced erythema shows nonhomogeneous spread in the 
studied region of interest, and (3) the back scattered light might be 
affected by the variable depth of bone tissues with respect to the treated 
area of the body. 

The inhomogeneity of the induced skin erythema is the result of 
multiple factors. First, the radiation fields are not homogeneous in dose 
distribution. Second the region of interest may not receive the same dose 
due to its physical shape like curved structures such as neck and cheeks 
or gaps in the face including ears and nose. Third, the erythema response 
is not simply dependent on the radiation dose alone but both local blood 
supply and skin pigmentation. As a result, spectral imaging is more 
appealing than single spot spectroscopy for quantitative assessment of 
the skin erythema. 

3.4. Image classification 

Applying the developed LDA classifier on both the digital color 
photographs and the spectral datacubes was the way to contrast both 
techniques. The contrast was held through a supervised classification for 
color and spectral data relevant to the ground truth annotations pro-
vided by the radiotherapist. Distinct ratios between the training sets and 
the test sets were examined. Based on the examination, it is found that 
the 1:1 ratio between training and test samples was superior to other 
options such as the Pareto principle for 20:80 percentage, as well as 
other 60:40 % percentage. The 1:1 ratio produced satisfactory results for 
most of the assessment parameters. The hyperspectral system shows 
comparable performance to digital photography in parameters such as 
accuracy and sensitivity while it outperforms RGB imaging in specificity 
and the geometrical mean. We report the classification results for six 
statistical parameters. The classification procedure was repeated for ten 
times, in each time training and test sets were randomly selected out of 
the population data in order to verify the reliability of the classification 
results. The results of the data classification are displayed in Table 3. 

4. Conclusion 

This pilot study provides an evidence that support the use of optics- 
based technology as an objective approach for clinical assessment of skin 
erythema. In particular, HSI permitted contactless visualization and 
quantitative assessment of relatively wide skin region in terms of 
oxygenation and perfusion in radiotherapy, which is time efficient in 
contrast to diffuse reflectance spectroscopy. We conclude the results of 
this study as follows:  

1 The relative erythema index value at the 7th radiation session varies 
with 99 % significance compared against non-irradiated skin. Rela-
tive erythema index is verified to be the most sensitive parameter to 
assess the skin response due to irradiation, as it achieved a 97.1 % 
correlation ratio relative to visual assessment of erythema. 

2 Oxyhemoglobin chromophore concentration showed a gradual in-
crease along with radiation accumulation in the areas adjacent to the 
lesion. This increase in hemoglobin concentration is probably due to 
the skin healing process after damage. Conversely, deoxyhemoglobin 
showed an oscillating behavior through the radiation period. 

3 The supervised erythema classification based on HSI data tremen-
dously outperformed RGB imaging in terms of specificity and geo-
metric mean. 

The future development of improved sources of illumination and the 
reduction of the instrumentation noise level will help pave the way for 
HSI to become a fast, reliable, and, above all, objective quantitative 

Fig. 12. Mean Hb-oxy (a), Hb-deoxy (b), and total hemoglobin (c), as a func-
tion of time during irradiation. Error bars are displayed representing standard 
deviation. Baseline values are drawn in each plot in dashed lines, respectively. 
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method for erythema classification. Further experimental, clinical, and 
analytical work needs to be done to validate HSI as a real-time clinical 
instrument. 
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