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Abstract

Basal cell carcinoma is the leading form of cancer seen in humans. Although it is not difficult to diagnose by most Der-
matologists, it is important to provide an early diagnosis to improve treatment outcomes. We have developed a technique
termed vibrational optical coherence tomography that uses infrared light and sound to noninvasively differentiate between
benign and cancerous skin lesions. In this paper we explore the use of quantitative pixel intensity data in the form of images
and pixel intensity versus depth plots to differentiate between basal cell carcinomas and benign and other cancerous skin
lesions. Since OCT images can be collected and analyzed remotely, this technique can be used in teledermatology. Our re-
sults suggest that green (low intensity) and blue (medium intensity) channel OCT images provide noninvasive information
on cellular and melanin aggregates (green channel) and large diameter collagen fibers (blue channel) that can be used to
differentiate between cancerous and benign skin lesions. Machine learning study results suggest that the maximum pixel
intensity and the pixel intensity measurements at the half width made from a plot of pixel intensity versus depth can be
used to identify basal cell carcinoma with a sensitivity and specificity between 80% and 100%. These results suggest that
noninvasive OCT measurements in conjunction with visual inspection and dermoscopy can be used as methods to screen

patients for cancerous lesions especially lesions with melanin particles and inflammatory components.
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Introduction

Basal cell carcinoma (BCC) is the most common type of can-
cer in the United States and is a result of mutations in the lowest
layer of the epidermis [1-5]. There are more than 26 types of
BCC reported with three types most prevalent including nodu-
lar, superficial, and sclerotic (morpheaform) [6]. The incidence
of BCC ranges from 4%-8% of the US population with the in-
creased incidence thought to be due to sun exposure [1]. About
80% of the skin cancers treated clinically are BCCs [2] with the
most common locations being sun-exposed areas, such as the
head, neck, and trunk [3].

Risk factors include light colored skin with Fitzpatrick skin

types I and II, light eye colors including blue, green and hazel,
light hair colors including blond and red, a history of severe sun-
burns, immunosuppression, and exposure to carcinogens [1].
Dermoscopy and visual inspection are used to noninvasively di-
agnose BCC [7,8] with correlation between images seen by these
techniques being reported [7]. Varying sensitivities and specific-
ities have been reported with values as high as 99% [8].

Nodular BCCs are observed in 60%-80% of the cases and are
most often found on the head [9,10]. Gross clinical presentation
of this type of lesion is an elevated pearl-shaped growth with
peripheral permanently enlarged blood vessels appearing as red
or pink lines on the skin [11]. In some cases, arborized/branched
vessels are seen with ulceration, blue dots, and globular struc-
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tures. Histologically, these lesions are seen as clusters or nests
of islands of cells tightly packed and surrounded by a layer of
highly organized cells surrounded by stroma [11].

Superficial BCC makes up about 10%-30% of cases seen and
appears as a red, flat plaque that can vary from several mm to
as large as 10 cm with a pearl shaped edge and may exhibit su-
perficial erosion [10]. They are characterized by the presence
of maple leaf-like areas (peripheral radial lines), superficial fine
telangiectasias (thin vessels), multiple small erosions, white and
red structureless areas seen by dermoscopy [11]. Histologically,
they make up 10%-30% of BCC lesions exhibiting subdermal
nests of basaloid cells. They exhibit a connection to the basal
layer of the epidermis with no invasion into the reticular der-
mis [10]. While nodular, superficial and sclerotic BCCs exhibit
different morphologies, a recent study using vibrational optical
coherence tomography study suggested that the mechanovibra-
tional spectrum of all three types of BCCs was similar suggest-
ing that similar cellular, dermal collagen, blood vessels, and fi-
brotic tissue components were present and just the distribution
and morphology of these elements differed [12].

Dermoscopy and visual inspection have been used to nonin-
vasively screen suspicious skin lesions. Dermoscopy improves
the diagnosis of benign and malignant cutaneous neoplasms in
comparison with examination with the unaided eye and is used
routinely for all pigmented and non-pigmented cutaneous neo-
plasms [13-30]. Optical coherence tomography (OCT) has also
been used to identify skin cancers [31-37]. Clinical applications
of OCT and other techniques include detection of nonmelanoma
skin cancer and evaluation of therapy for inflammatory and con-
nective tissue diseases [31-41]. It also has been reported to be
used to evaluate malignant melanomas, basal cell, and squamous
cell carcinomas [31-37]. OCT imaging has the potential to serve
as an objective, non-invasive measure of disease progression for
use in both research trials and clinical practice [34-37].

OCT is an imaging technique that applies infrared light to the
skin; the light penetrates without causing tissue changes [12-41].
While OCT images alone are useful for visual interpretation of
skin lesions, additional quantitative information is contained in
the images such pixel intensity differences that can be used to
differentiate between skin cancers [38-41].

The purpose of this paper is to use OCT images and pixel
intensity measurements to quantitatively differentiate between
BCC and other skin lesions noninvasively. This will aid in rapid
screening of skin lesions and assist the medical practitioner in
minimizing unnecessary biopsies that are costly. This will also
improve patient compliance with skin screening especially for
subjects with blue, green, and hazel eye colors since the tech-
nique does not require touching the skin and it can also be done
remotely using telemedicine.

Methods
Oct image collection

Images of control skin and suspected skin cancers were col-
lected using an OQ Labscope 2.0 as described previously oper-
ating at a wavelength of 840 nm [12]. The measurements were
made in vivo on intact skin and skin lesions as well as in vitro
on skin lesion biopsies. All images were made as part of IRB

approved clinical studies of 50 samples of BCC (including all
subtypes of BCCs), 35 of normal skin, 30 seborrheic keratoses,
39 melanomas, and 23 squamous cell carcinomas. The clini-
cal studies were conducted at both Summit Health and Robert
Wood Johnson Medical School. Clinical diagnoses were made
by board certified dermatopathologists as part of routine clinical
skin excisional protocols. Raw image OCT data were collected
and processed using MATLAB software and image J [12]. All
OCT images were scanned through the lesion cross-section par-
allel to the surface to create pixel intensity versus depth profiles
as reported previously [12]. The following quantitative parame-
ters derived from the pixel intensity versus depth plots of each
specimen were used in machine learning studies to differentiate
between different skin samples. (a) The maximum pixel intensity
at the surface; and (b) the width of pixel intensity versus depth
plot at the half height. The OCT images were broken into green,
blue, and red components using Table 1.

Each pixel value in the grayscale OCT images was further
evaluated by assigning a unique combination of R-G-B values
using the Look Up Table (Table 1). By application of digital im-
age processing algorithms on the color-coded OCT image, the
images are split into green, blue, and red channels based on the
distribution of pixel intensities. A combination of green, blue,
and red colors in varying intensities produce all the colors in the
color-coded image; the image processing algorithms map the
green, blue, and red, components of each pixel. By breaking up
the total image into differences in pixel intensity distribution at
each point, it is possible to examine differences in scattering po-
tential of the different layers of skin and skin lesions.

Machine learning studies

To compare normal skin and lesion OCT images, a pixel in-
tensity profile was obtained from optical coherence tomography
(OCT) images as described above. The maximum pixel inten-
sity was determined and the width at the half height was also
measured. Additionally, the thickness of each OCT image was
measured but found not to be an important parameter. A com-
prehensive dataset was then compiled, consisting of all extract-
ed parameters. This dataset was then used as input to a logistic
regression model. 70% of the data was used to train the model,
whereas 30% was used for testing the model.

The model's performance was evaluated by constructing a
confusion matrix to calculate its sensitivity and specificity. The

following formulae were then applied to derive these metrics:
a

a+c

Sensitivity =

b
Specificity = brd

True Positive (a) False Negative (b)

False Positive (c) True Negative (d)
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Table 1. Fire Lookup Table (LUT) for color coding the OCT images.

Greyscale value | Red Channel | Green Channel | Blue Channel
0 0 0 0

50 104 0 221

100 201 7 78

150 255 129 0

200 255 219 0

255 255 255 255

Table 2. Specificity and sensitivity of differentiating between basal
cell carcinomas and normal skin (NS), seborrheic keratosis (SK),
squamous cell carcinoma (SCC), and melanoma (MEL) using data
from lesions like those seen in Figure 1 and scans shown in Figure 2.

NS SK SCC MEL
Sensitivity | 93.7% 100% 92.3% | 78.9%
Specificity | 100% 100% 88.9% |[87.5%

Number of samples used: BCC=50, NS=35, SK=30, SCC=23,
MEL=39

The goal of this analysis is to maximize the specificity while
minimizing the number of false positives (c). Skin layers con-
taining large aggregates greater than about one tenth of the light
wavelength will forward scatter light and appear to have lower
surface pixel intensities compared to normal skin [12]. If large
lesion aggregates exist, whether they be due to melanin particles,
cell aggregates, or large diameter collagen fibers, they may limit
light reflection and result in a decrease in OCT image brightness
of the epidermis and papillary dermis.

Results
Color-coded OCT Images

When skin lesions were imaged in the OCT scanning mode, a
variety of subsurface features were observed including the stra-
tum corneum, basal epithelium, and the papillary dermis. While
individual cell details are not visible via conventional OCT, the
stratum corneum, basal epithelium, rete ridges, and papillary
dermis are seen as described previously [12] (Figure 1A). These
layers are easier to observe when the OCT image is color-coded
based on the pixel intensity using NIH image J software. Fig-

Figure 1. Typical color-coded OCT images of normal skin (A), a nodular BCC (B), a seborrheic keratosis (C), a squamous cell
carcinoma (D), and a melanoma (E). Note differences in the amount of yellow stratum corneum between normal skin and SK

and BCC, SCC, and melanoma.

Figure 2. Typical green channel OCT images of normal skin (A), a nodular BCC (B), a seborrheic keratosis (C), a squamous cell
carcinoma (D), and a melanoma (E). Note differences between green channel image intensities of normal skin and SK and BCC,

SCC, and melanoma.
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ure 1 shows typical color-coded OCT images of normal skin (A),
basal cell carcinoma (B), seborrheic keratosis (C), squamous cell
carcinoma (D), and melanoma (E). Note normal skin and SK con-
tains an undulating well defined stratum corneum (yellow) and
rete ridges (pink and blue colors). The stratum corneum appears
thinner in BCC, SCC, and melanoma.

Figures 2, 3, and 4 show images created using the different pix-
el intensities from the green, blue, and red channels generated
using Table 1. Figure 5 shows typical plots of pixel intensity ver-
sus depth for normal skin (A), a nodular BCC (B), a seborrheic
keratosis (C), a squamous cell carcinoma (D), and a melanoma
(E). Note the increased pixel intensity for normal skin and SK
compared to BCC, SCC, and melanoma and the differences in
the shape of the pixel intensity versus depth plots compared to
normal skin.

The green, blue, and red channels that are derived from the

images shown at low (Figure 2), medium (Figure 3), and high
pixel (Figure 4) intensity. Note the green channel for normal
skin and SK are easily seen while in comparison the images for
BCC, SCC and melanoma are less intense in comparison [42].
The blue channel for normal skin and SK appears to have a hy-
poreflective region just below the epidermis while that for BCC,
SCC, and MEL do not. The red channel for all the samples has
similar shapes as that shown for normal skin in Figure 1.

Figure 5 shows typical plots of pixel intensity versus depth
created by scanning the color-coded images in Figure | paral-
lel to the surface. Note the differences in maximum heights and
width of the different plots. Figures 6, 7, and 8 show scans of
pixel intensity versus depth for the green (Figure 6), blue (Figure
7) and red channels (Figure 8) derived from Figures 2, 3, and 4,
respectively. Note the differences in shape and height between
the green channel pixel intensity versus depth profiles of normal
skin and SK and that of the skin cancers (Figure 6). Figure 7

Figure 3. Typical blue channel OCT images of normal skin (A), a nodular BCC (B), a seborrheic keratosis (C), squamous cell car-
cinoma (D), and melanoma (E). Note differences in the intensity of hyporeflective regions below the epidermis in normal skin and

SK compared to BCC, SCC, and melanoma

Figure 4. Typical red channel OCT images of normal skin (A), a nodular BCC, a seborrheic keratosis (C), a squamous cell
carcinoma (D), and a melanoma (E). Note similarity in intensity to images in Figure 1.
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Figure 5. Typical pixel intensity versus depth plots for normal skin (A), a nodular BCC, a seborrheic keratosis (C),
a squamous cell carcinoma (D), and a melanoma (E) based on Figure 1. Note the difference in shape and size of

the plot seen in melanoma.
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Figure 6. Typical pixel intensity versus depth for the green channel for normal skin (A), a nodular BCC (B),
a seborrheic keratosis (C), a squamous cell carcinoma (D), and a melanoma (E) using data from Figure 2.
Note the reduced pixel intensities of BCC, SCC and melanoma compared to normal skin and SK.
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Figure 7. Pixel intensity versus depth for the blue channel for normal skin (A), a nodular BCC (B), a sebor-
rheic keratosis (C), a squamous cell carcinoma (D), and a melanoma (E) from Figure 3. Note the differences
in the width at the half-height for normal skin and SK compared to BCC, SCC, and melanoma.

illustrates the biphasic blue channel pixel intensity versus depth
plots for normal skin and SK compared to the single-phase plots
of skin cancers. These differences are less apparent in the red
channel (Figure 8) which is similar in shape and size to Figure 1.

Figures 9 shows confusion matrices for BCCs and the follow-
ing skin samples; (A) normal skin; (B) seborrheic keratoses; (C)
squamous cell carcinomas, and (D) melanomas. Note the use of
the maximum pixel height and width at the half-height resulted
in a high sensitivity and specificity for differentiating between

BCC, normal skin, SK, SCC, and melanoma as shown in Table 2.
Discussion

Basal cell carcinoma (BCC) is a keratinocyte carcinoma and
represents the most common human cancer [1]. Clinically, in-
vasive BCC generally appears as a hypopigmented plaque or
papule, located on the head and neck, the temple, cheek, and
tip of the nose. Dermoscopically, invasive BCC frequently dis-
plays ulceration and a mix of arborizing branched vessels and
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Figure 8. Pixel intensity versus depth for red channel for normal skin (A), a nodular BCC, a
seborrheic keratosis (C), a squamous cell carcinoma (D), and a melanoma (E) from Figure 4.
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Figure 9. Confusion matrices for BCC versus normal skin (A), seborrheic keratoses (B), squamous cell
carcinomas (C), and melanomas (D). Table 2 lists the sensitivity and specificity of differentiating BCC
from normal skin, SK, SCC, and melanoma using data from scans of lesions like those shown in Figure 1

and scans shown in Figure 2.

superficial fine telangiectasia (blood vessels) [1-6]. One report
suggests that collagen distribution is more aligned surrounding
BCCs nests compared to normal skin and benign lesions. Colla-
gen was observed to be orientated parallel surrounding indolent
BCC subtypes (superficial and nodular) versus less organized for
lesions with more aggressive behavior (infiltrative BCC) [39].
While most Dermatologists can easily identify BCCs that do not
have pigment or an inflammatory component, it has been report-
ed that BCC is sometimes challenging to recognize clinically,
leading to high (~70-80%) rates of false-positive biopsy results
[40]. Millions of benign biopsies conducted annually increase
morbidity and healthcare costs [40]. Furthermore, a biopsy is an
invasive procedure with complications. Most BCCs have a pre-
dilection for the facial area, so scar formation following biopsy
can cause cosmetic concerns and interfere with vital functions
[40]. Histopathology is a time-consuming and tedious procedure
due to tissue processing and can delay management. Therefore,
any noninvasive technique that can rapidly assist in differenti-
ating benign from cancerous lesions will decrease the cost of

healthcare and provide better patient satisfaction.

We have developed a noninvasive technique termed vi-
brational optical coherence tomography (VOCT) that combines
the use of OCT with the application of vibrational analysis [12-
42]. OCT yields a lesion image and VOCT provides quantitative
information on the cellular, blood vessel, fibrotic tissue com-
position, and lesion modulus (stiffness) [12]. Additional quan-
titative pixel intensity versus depth data derived from OCT im-
ages reported in this study can be used to further quantitatively
characterize skin lesions. The results of this study indicate that a
color-coded image and a rapid scan of the image can be used to
differentiate between normal skin and SK and cancerous lesions
including BCC, SCC, and melanoma with a high sensitivity and
specificity. Quantitative OCT measurements along with dermos-
copy and visual inspection could be used together to screen for
cancerous lesions while decreasing the biopsies done on benign
skin lesions. Use of green and blue OCT images of a lesion pro-
vide visual images that along with dermoscopy images provide
rapid information about the cellular and collagen contents of a
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lesion.

In addition, VOCT study results reported for AKs, BCCs,
SCCs, and MELs demonstrate that new resonant frequency
peaks are evident compared to those seen in normal skin [12].
These peaks have different stiffnesses from those found for com-
ponents of normal skin and were used to quantitatively analyze
differences among skin lesions [12]. The increased resonant
frequency of cancer associated fibroblasts and fibrotic tissues
explain the increased stiffnesses (moduli) of cancerous lesions
[12].

In this paper we present results breaking down OCT images of
normal skin, BCCs, SCCs, seborrheic keratoses, and melanomas
into low (green), medium (Blue), and high (red) pixel intensity
channels. The pixel intensity data and images along with ma-
chine learning analyses were used to differentiate between nor-
mal skin and different skin lesions. While the color-coded OCT
images of these lesions are qualitatively different (see Figure 1),
the details of the differences can be better understood by ana-
lyzing the low (Figure 2) and medium (Figure 3) pixel intensity
images. Skin cancers including BCC, SCC, and melanoma have
very weak green channel images (see Figure 2) due to the for-
mation of either cell clusters (BCC and SCC) or large melanin
particles as discussed previously [38-41]. In comparison, normal
skin and SK, a benign lesion, have well defined green channel
OCT images since they lack large scattering elements present in
BCCs, SCCs, and melanomas. These scattering elements include
melanin aggregates, cellular clusters, and fibrotic collagen [38-
42]. The lack of pixel intensity in the green channel of BCC,
SCC, and melanoma reflects the presence of cellular clusters
(BCC and SCC) and melanin particles (melanoma).

In comparison to the green channel, the blue channel is ev-
ident throughout the epidermis and papillary dermis for skin
cancers including BCC, SCC, melanoma (Figure 3) while nor-
mal skin and SK show a hyporeflective region just below the
stratum corneum. This hyporeflective region in normal skin
and SK probably represents the dermal collagen in the papillary
dermis where the collagen fibers are small enough to undergo
Rayleigh scattering in all directions leading to the hyporeflec-
tive regions. In contrast in skin cancers hyperreflective fibrotic
material probably reflects large diameter collagen fibers oriented
around the lesions. In the normal reticular dermis large collagen
fibers forward scatter light (Mie Scattering) resulting in a hy-
perreflective appearance below the papillary dermis. In contrast
small collagen fibers in the papillary dermis scatter light at all
angles (Rayleigh scattering) resulting in a hyporeflective space
below the epidermis [12]. It is likely that the hyperreflective blue
channel image reflects the formation of large diameter collagen
fibers, i.e. fibrosis, seen surrounding cancerous clusters of basal
cells.

By viewing the green and blue channel images as well as
looking at the pixel intensity versus depth plots the differences
between benign and cancerous lesions can be evaluated nonin-
vasively. The low, medium, and high pixel intensity images give
us qualitative information about the differences between benign
and cancerous lesions. These images can be scanned parallel to
their surfaces to give quantitative pixel intensity versus depth
profiles as are shown in Figures 5-8. The difference in the shapes

of these profiles based on the maximum pixel intensity and the
width at the half height serve as parameters that along with ma-
chine learning that can be used to differentiate BCC lesions from
normal skin, SCCs, SKs, and melanomas with a sensitivities and
specificities between about 80 and 100%. These data in conjunc-
tion with visual inspection and dermoscopy provide a noninva-
sive means to differentiate between cancerous and benign skin
lesions especially for lesions that are difficult to diagnose without
histopathology.

The ability to provide screening quantitative data using OCT
images and pixel intensity versus depth plots adds additional in-
formation to what is obtained from visual inspection and dermos-
copy to noninvasively screen skin lesions. The ability to collect
OCT information over the internet and monitor it remotely will
be useful in promoting teledermatology.

Conclusions

We have used color-coded OCT images of normal skin, seb-
orrheic keratoses and cancerous skin lesions to differentiate
between benign and cancerous lesions. Our results suggest that
green (low intensity) and blue (medium intensity) channel OCT
images provide noninvasive information on cellular and mela-
nin aggregates (green channel) and large diameter collagen fibers
(blue channel) that can be used to differentiate between cancer-
ous and benign skin lesions. Machine learning study results sug-
gest that the maximum pixel intensity and the half-height pixel
width measurements can be used to differentiate basal cell carci-
noma from other skin samples with a sensitivity and specificity
between 80% and 100%. These results suggest that noninvasive
OCT measurements in conjunction with visual inspection and
dermoscopy can be used to screen patients for cancerous lesions
remotely, potentially minimizing the number of excisions done
and improving patient satisfaction with skin screenings.
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