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ABSTRACT 
Background: Vibrational optical coherence tomography (VOCT) is a new digital 
technique that identifies cancerous cells, small friable blood vessels, and fibrotic 
tissues that are the hallmarks of epithelial cell derived skin cancers. This technique 
uses infrared light and acoustic sound to characterize the components of skin and 
skin lesions and the differences that occur during cancer. Initial studies focused 
on understanding the physiological changes that occur that are the basis for 
noninvasive classification of skin cancers.  
 

Objective: To collect additional clinical optical coherence tomography (OCT) 
images of cancerous lesions to develop convolutional neural network models of 
basal cell carcinomas (BCCs), squamous cell carcinomas (SCCs), and melanomas 
with high sensitivities and specificities. The goal of this research is to produce digital 
images and AI models that can be used with telemedicine for remote classification 
of skin cancers. 
 

Methods: OCT images of cancerous lesions were collected using the OptoScope 
and compared to images of normal skin using a convolutional neural network. 
The models are developed by comparing the intensity distribution and location 
of pixels contained in the OCT images.  
 

Results: Gray scale and color-coded OCT images of normal skin, BCCs, SCCs 
and melanomas were evaluated using convolutional neural network models. The 
models predicted the type of lesions with sensitivity and specificity greater than 
90%. These models were able to predict the correct clasifications of BCC, SCC, 
and melanomas consistent with the diagnoses based on lesion histopathology 
conducted by board certified dermatopathologists.  
 

Conclusions: Results of OCT studies indicate that CNN models can classify different 
skin cancers in several minutes based on OCT images of BCC, SCC, and melanomas. 
Noninvasive use of the OptoScope provides digital information about skin cancers 
that can be used to classify skin cancers as part of an evaluation of patient lesions 
via telemedicine. This is particularly useful in areas where Dermatologists are in 
short supply and patient waiting times are prolonged. Evaluation using new digital 
techniques and the availability of approved topical treatments for these cancers 
will provide an effective manner to treat patients in rural areas where Dermatology 
visits are not readily available. 
 

Keywords: basal cell carcinoma, squamous cell carcinoma, melanoma, vibrational 
OCT, OCT, cancer associated fibroblasts, thin blood vessels, fibrotic tissue, noninvasive 
testing, skin cancer, telemedicine 
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Introduction 
Skin cancer is one of the fastest growing cancers 
worldwide1,2. The incidence of nonmelanoma and 
melanoma skin cancers rank 5th and 17th, respectively 
among all cancers worldwide[2] and is growing rapidly. 
In 2022 the estimated number of skin cancers was 
20M and is expected to grow to 32.6M by 20451. 
There are approximately 5.4M basal cell (BCC) and 
squamous cell carcinomas (SCC) diagnosed each 
year in the US3 with 8 out of 10 of these cancers being 
BCCs3. Of these, 60 to 80% of BCCs are nodular2,4. 
One report suggests that nodular BCC of the face 
can be successfully treated topically with ingenol 
mebutate gel5. BCC topical treatments with 5% 
imiquimod cream, 5 fluorouracil, and diclofenac gel 
have also been reported6 suggesting that some of 
these BCCs can be treated topically avoiding the 
trauma and skin loss associated with excisional 
therapy.  
 

SCC makes up about 20% of all skin cancers in the 
US3 with the most prominent form being superficial 
cutaneous squamous carcinoma. Topical treatments 
for superficial SCC include 5 fluorouracil and 
imiquimod cream3. The remaining skin cancers 
include melanoma which is projected to involve 
105,000 new cases in 2025 in the US3. Topical 
treatment of melanoma in situ with imiquimod cream, 
5 fluorouracil, and other immunotherapies have 
been reported6,7. The gold standard of skin cancer 
treatment is a biopsy followed by a complete excision 
after identification of clear lesion edges based on 
histopathology. While excision is the primary method 
used for skin cancer treatment in the US, a recent 
study of early SCC (Bowen s disease) indicated that 
treatment with 5 fluorouracil was not inferior to 
surgical excision and led to good or better cosmetic 
outcomes as compared to excisional therapy9. 
These results suggest that new noninvasive digital 
technologies for skin lesion classification may lead 
to more extensive use of topical treatments for 
lesions identified as small skin cancers. 
 

Dermoscopy and visual inspection are the most 
widely used methods to detect skin cancers1,2. 

However, more advanced noninvasive diagnostic 
techniques are needed and are being developed, 
including reflectance confocal microscopy, 
elastography, optical coherence tomography (OCT), 
and vibrational optical coherence tomography9,10. 
Some of these methods can be employed remotely 
and data transferred over the internet. The aim of 
these methods is to provide fast, noninvasive 
screening of cancerous lesions to facilitate patient 
evaluation and treatment since the waiting times to 
see dermatologists are deemed to be excessive11 

.This has led to new developments in the digital 
biopsy market that is projected to grow at a rate of 
16.87% CAFR between 2025 and 20321. The demand 
for non-invasive techniques is growing rapidly to 
reduce the large number of biopsies on benign 
lesions conducted by Dermatologists which has 
been reported to be 55.5% of all skin biopsies 
conducted in the US12. Rapid noninvasive methods 
are also needed to improve the quality of patient skin 
checks that can be achieved in part through improving 
the quality of teledermatology. 
 
Teledermatology has been used remotely by analyzing 
camera photos or live video conferences of skin 
problems along with associated clinical histories1316. 
In the past teledermatology has been considered a 
supplement to a patient s total care and not a 
replacement for in-person doctor s visits13-16. Much 
of the diagnostic criteria for patient evaluation by a 
Dermatologist is qualitative and not quantitative17. 
The surface image of a lesion seen by dermoscopy 
often lacks subsurface details. New techniques such 
as optical coherence tomography, elastic scattering, 
Raman Spectroscopy, high frequency ultrasound, 
electrical impedance spectroscopy, and reflectance 
confocal microscopy18 may provide more information 
on subsurface structure. Advances in these 
technologies for the diagnosis of skin cancer are 
needed to optimize individual patient treatments18.  
 
One limiting factor in receiving dermatological care 
is the barriers to receiving access in underserved 
populations19. The barriers include lack of health 
insurance, residence location, and being under 
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federal poverty level19. The goal of these new 
technologies is to create rapid noninvasive techniques 
to classify skin lesions by a variety of healthcare 
professionals that can be used along with telemedicine. 
 

The purpose of this paper is to describe a new 
technique termed vibrational optical coherence 
tomography (VOCT) that uses light and acoustic 
vibrations to characterize skin lesions based on the 
resonant frequency of skin components of both 
normal and cancerous lesions20. The technique can 
differentiate between normal and cancerous cells, 
cancer associated fibroblasts, new thin and normal 
blood vessels, and fibrotic tissue characteristic of 
skin cancers20. This paper will first describe the basic 
science studies conducted on normal skin and skin 
cancers that have led to the development of a clinical 
test. The clinical test can be conducted noninvasively 
to rapidly classify lesions using artificial intelligence 
(AI) and telemedicine as well as to evaluate the 
lesion base after the cancer is removed. 
 

Methods 
This study involved two separate parts. The first 
part of this study involves the use of both sound to 
result in a mechanical deflection of the samples and 
infrared light reflection during examination by the 
Vibrational OptoScope to define changes observed 
in cancerous lesion physical properties that are 
different from those observed in normal skin (VOCT)20, 

21. The second part is the development of a rapid 
clinical test based only on OCT images that requires 
only about 1 minute to collect raw OCT images 
noninvasively generating digital information that 
can be used along with AI and telemedicine to 
provide lesion classification in remote areas. 
 

VOCT MEASUREMENTS 
 

Skin Component Physical Property Identification 
The Vibrational OptoScope consists of a modified 
Lumedica OQ 2.0 OCT (Lumedica Inc, Durham, NC) 
equipped with a small 2.0-inch speaker as described 
previously operating at a wavelength of 840 nm 
collecting 13,000 frames per second20,21. The device 
is modified with special software that is used to 

evaluate the displacement of the tissue under 
different acoustic frequency deformations20,21. The 
measurements were made in vivo on intact control 
skin and on human cancerous lesions. All images 
were collected as part of IRB approved clinical studies 
on skin at Summit Health (Berkeley Heights, NJ) and 
Rutgers Center for Dermatology (Somerset, NJ). 
Clinical diagnoses were made by board certified 
dermatopathologists after H&E staining and review 
of the tissue sections as part of routine clinical skin 
excisional protocols. Measurements were made on 
OCT images of control skin (N=200), BCCs (N=99), 
SCCs(N=47), and melanomas (N=106). 
 
The OptoScope included a 2 inch-diameter speaker 
placed about 2.0 inches from the tissue to be vibrated 
in the VOCT studies20,21. The speaker creates a 
sinusoidal sound wave at 55 dB using an app supplied 
by the I5 computer that is part of the OptoScope. 
Both the sound wave and the light were applied to 
the tissue surface along the axis of the light beam 
at increasing sound frequencies between 30 and 
300Hz. The deflection of the surface vertically along 
the direction of the path of the light beam was 
measured. The weighted displacement was measured 
by determining the tissue displacement in the 
presence of the sound divided by the displacement 
of the speaker in the absence of a sample.  
 
All OCT images were created by scanning the skin 
of cancerous lesion cross sections. The gray scale 
scans were color coded using image J as reported 
previously20,21. The OCT gray scale pixel images were 
also broken into green, blue, and red subchannel 
images using a lookup table20,21. By breaking up the 
pixel intensity distribution at each point into low 
(green), medium (blue), and high (red) intensities, it 
is possible to examine differences in reflection of 
the different layers of skin and skin lesions. The VOCT 
analysis of skin cancers requires about 15 minutes 
to collect all the required data and an additional 10 
to 20 minutes to process the data. Therefore, the 
development of a rapid classification method that 
was more suitable for use in the clinic was 
undertaken based on the collected OCT images 
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once the contributions of each skin component was 
understood based on the VOCT study results. 
 

VOCT data collected on the lesions were compared 
to H&E-stained tissue sections of the cancerous 
lesions. All diagnoses were made by board certified 
Dermatopathologists after review of each lesion. 
OCT images were also collected on intact skin 
lesions and tissue biopsies vibrated at frequencies 
between 50 and 80 Hz. OCT gray scale images were 
color-coded using image J. Green, blue, and red 
subchannel OCT images were prepared using a 
RGB look-up table20,21. 
 

Clinical Classification Test Based on OCT Images 
A clinical test was developed using OCT images 
without vibrational data to provide a rapid classification 
for cancerous skin lesions. In the clinical test, OCT 
images were collected on skin lesions and compared 
to images of normal skin using a convolutional neural 
network (CNN). The sensitivity, specificity, and area 
under the operating curve (AUOC) were calculated 
for CNN models developed for each cancer type. 
 

In this study, a transfer learning-based Convolutional 
Neural Network (CNN) using the ResNet18 architecture 
was implemented to classify OCT images of normal 
skin versus BCC, SCC, and melanoma. The grayscale 
images were converted into three-channel inputs 
to match the ResNet18 requirements, and data 
augmentation techniques such as random horizontal 

flipping, rotation, and resizing were applied to 
enhance generalization, while normalization followed 
ImageNet standards. Using a 5-fold cross-validation 
strategy, to ensure robust performance evaluation, 
and the final classification layer of ResNet18 was 
modified to output a single node for binary 
classification. The network was trained using the 
Adam optimizer with Binary Cross-Entropy loss over 
multiple epochs, with the best-performing model 
saved based on validation accuracy. To provide 
interpretability, Gradient-weighted Class Activation 
Mapping (Grad-CAM) was employed to highlight 
the discriminative regions used by the model when 
distinguishing skin lesions from normal skin. Finally, 
model performance was assessed through test 
accuracy, confusion matrices, sensitivity, specificity, 
and ROC-AUC analysis, offering both predictive 
power and clinical relevance. 
 

Results 
 

BASIC VOCT STUDIES OF SKIN CANCER 
The first part of these studies was directed to compare 
the resonant frequency of the different components 
of normal skin and cancerous skin lesions. As 
summarized in Table 1, normal skin has major resonant 
frequency peaks at 50, 100, and 150Hz while 
cancerous skin lesions have additional peaks at 80, 
130, and 250-260Hz20,21. 

 
Table 1. Resonant Frequency Peaks Observed from VOCT Studies on Normal Skin and Cancerous Lesions20,21 
 

Resonant Frequency (Hz) Component 

50-60 Normal Epithelial Cells 

80 Cancer Associated Fibroblasts 

100 Papillary Collagen 

130 Cancerous Thin Blood Vessels 

150 Normal Blood Vessels 

250-260 Fibrous Tissue Surrounding Cancers 
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Figure 1 shows an H&E-stained histological section 
of a BCC (Figure 1A) as well as a typical color-coded 
OCT image of the same basal cell carcinoma (Figure 
1B) along with the green (1C), blue (1D), and red 

subchannel (1E) images also shown. Figure 2 compares 
the color-coded OCT image (2A) and green (2B), blue 
(2C), and red (2D) subchannel images of a basal cell 
carcinoma vibrated at 50, 60, and 70 Hz. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. A comparison of histopathology of a section of a BCC lesion stained with H&E from a patient (A) and color-
coded OCT images of the lesion (B), the green channel (C), the blue channel (D), and the red channel (E). The lesion cells 
in the green channel (C) appear to disappear in the BCC, while the blue and red channel show the presence of components 
that reflect the light. The cellular lesion components disappear in the green channel due to Mie scattering deeper into 
the tissue from large aggregates of cancer associated fibroblasts and stroma. The BCC lesion is circled in all the images 
and the circled cancerous tissue in the blue channel lacks a hyporeflective region that is a characteristic of all skin cancers 
due changes in the composition of the intermediate filaments. 
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Figure 2. Color-coded OCT images of patient of a nodular BCC (A), the green (B), blue (C), and red (D) subchannels at 
vibrational frequencies of 50, 60, 70, and 80 Hz. The location of the nodular BCC is circled in each image. Note when they 
are vibrated at the cellular resonant frequency the image of the lesion appears to diminish as seen in the green and blue 
subchannels at 60 and 70 Hz. 
 
Figure 3 shows the results of a convolutional neural 
network trained to distinguish BCC from normal 
skin. Note the number of images studied were 200 

(normal skin) and 99 (BCC). 7 normal skin samples 
were classified as BCCs while 0 BCCs were classified 
as normal skin. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Confusion matrix created using a convolutional neural network model to distinguish BCC (0) from normal skin (1). 
Note the sensitivity of distinguishing BCC from normal skin is 93.4% while the specificity is 100%. The sensitivity of distinguishing 
normal skin from BCC is about 93.4% suggesting that some normal skin is predicted to be BCCs. Table 2 lists the results 
of sensitivity and specificity calculations as well as the area under the operating curve (AUOC) predicted by the model. 
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Table 2. Sensitivity, Specificity, and Area Under the Curve (AUOC) Predicted Using Convolutional Neural 
Network Models 
 

 Sensitivity Specificity Area Under Curve (AUOC) 
Normal Skin vs BCC 93.4% 100% 0.97 
Normal Skin vs SCC 94.0% 100% 0.97 

Normal Skin vs Melanoma 99.1% 100% 1.00 
 
Figure 4 shows a H&E-stained histopathology section 
of a SCC (A), and a color-coded OCT image (B) and 
subchannel images of the lesion in C (green), D 
(blue) and E (red). Note the SCC cancerous lesion is 
circled in all of the images. 
 

Figure 5 shows the OCT color-coded images of the 
SCC vibrated at 50, 60, 70, and 80 Hz. Note the cells 
in the SCC OCT images appear to disappear when 
vibrated at 70 and 80 Hz. 
 

Figure 6 is a confusion matrix generated with a 
convolutional neural network model that distinguishes 

normal skin from SCC. The model can distinguish 
SCC from normal skin 100% of the time and only 
classify normal skin as a SCC 3 out of 50 times. 
 

Figure 7 shows a convolutional neural network model 
of OCT images generated using the OptoScope 
for normal skin and melanoma with a sensitivity and 
specificity of 100% as well as it can differentiate 
melanoma from normal skin with a similar sensitivity 
and specificity. None of the normal skin samples or 
melanomas were incorrectly identified. Table 2 lists 
the sensitivity, specificity, and AUOC for Figure 7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. A comparison of histopathology of a section of a SCC lesion stained with H&E from a patient (A) and color-
coded OCT images of the lesion (B), the green (C), blue (D), and red subchannel (E) images. The lesion cancerous cells 
disappear in the green subchannel (C) lesion image, while the blue (D) and red subchannel (E) images show the presence 
of components that reflect infrared light due to Mie scattering. Note the lack of a hyporeflective region in the circled blue 
channel lesion (D) characteristic of the location of the skin cancer. 
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Figure 5 shows the OCT color-coded images of the SCC vibrated at 50, 60, 70, and 80 Hz in the color-coded (A), green 
(B), blue (C) and red (D), subchannel images. Note the cells (B) and hyporeflective region (C) in the SCC OCT images appear 
to disappear when vibrated at 70 and 80 Hz. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6. Confusion matrix obtained from a convolutional neural network model used to distinguish SCC (1) from normal 
skin (0). Note the sensitivity of distinguishing SCC from normal skin is 100% while the specificity is 92.5%. Table 2 lists the 
results of sensitivity and specificity calculations as well as the area under the operating curve (AUOC) predicted by the model. 
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Figure 7. Convolutional neural network results developed to distinguish melanoma (1) from normal skin (0). Note the 
sensitivity of distinguishing melanoma from normal is 100% while specificity is 100%. Table 2 lists the results of sensitivity 
and specificity calculations as well the area under the operating curve (AUOC) predicted by the model.  

 
RESULTS - CLINICAL SKIN CANCER 
CLASSIFICATION TESTS 
The clinical part of this study was focused on creating 
a rapid test to classify skin cancers using the 
OptoScope. While vibrational measurements are 
useful in defining the behavior of skin components, 
the 20 minutes required to collect the data was 
deemed excessive to be practical as a clinical test. 
Therefore, the use of gray scale images along with 
AI was adapted to classify skin cancers since the 
grayscale OCT images take only about 1 minute to 
collect and 2 minutes to run through the CNN models 
for different skin cancers. The resulting image is then 
automatically analyzed using the convolutional 
neural network model to obtain a probability of the 
lesion classification.  
 

Figures 1 and 4 show OCT images of a BCC and a 
SCC, respectively. When we run these images through 
the CNN models, the following shown in Table 3 are 

obtained. The models correctly classify BCC and SCC 
images and indicate that they are not melanomas.  
 

Once the model predicts the probability that the 
lesion is one of these classifications, the operator 
of the OptoScope presses the color-coding icon on 
the screen and the image is color-coded and broken 
into the green (low intensity pixels), blue (medium), 
and red (high intensity) pixels for visual review. This 
allows the physician to visually examine the lesion 
image and decide whether they can confirm the 
classification that lesion is a cancer based on the 
image loss in the green channel and a lack of a 
hyporeflective region in the blue channel. In this 
manner using both AI and the OptoScope image 
the operator can confirm the classification. In these 
cases the CNN model correctly classifies the images 
as BCC and SCC and gives a score of about 50% 
or lower for incorrect classification as a melanoma. 
 

 
Table 3. Probability that the OCT images of Figures 1 and 4 are BCC and SCC based on the CNN Models 
 

Image Type BCC SCC Melanoma 

BCC (Figure 1) 98.5% NA 23.9% 

SCC (Figure 4) NA 98.7% 53.6% 
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Discussion 
The growing numbers of skin cancers observed 
world-wide present a diagnostic problem for 
physicians already overwhelmed with identifying 
which skin lesions need to be treated immediately. 
Therefore, the need to develop alternative rapid 
technologies to facilitate lesion classification is an 
important technical problem. Many of these new 
technologies will involve digital imaging and the 
ability to transmit biopsy data over the internet.  
 

There are numerous advantages of developing 
new digital technologies that can be used with 
telemedicine in advancing dermatology practices. 
The long wait times, large number of biopsies 
conducted on benign lesions, the increased volume 
of patient lesions screened, and the inability to 
determine lesion depths noninvasively, has prompted 
the need for new technologies for skin lesion 
classification. The rapid growth of noninvasive digital 
technologies that can be used in conjunction with 
telemedicine offers increased sophistication, 
diagnostic speed, and accuracy1. The ability to define 
the margins and depths of skin lesions noninvasively 
allows improved surgical efficiency and limits 
unexpected complications associated with margin 
uncertainties that prolong surgical times and 
require subsequent skin grafting procedures. The 
use of topical agents to treat superficial cancers in 
patients with head, neck, and scalp lesions will limit 
scarring and other complications and provide better 
satisfaction especially for patients who have had a 
negative experience in previous excisional surgeries.  
 

In addition, Mohs surgeries can be facilitated by 
scanning the excised tissue from the patient while 
the frozen sections are being prepared for 
examination. Scanning the lesion base after the 
Moh s section is removed will provide an indication 
of any residual lesion without prolonging the surgical 
procedure. Once the lesion is judged free of cancer 
it can be debulked and sent out for dermatopathology 
to confirm the existence of clear edges. 
 

Vibrational optical cohesion is a new technique that 
provides basic biological information about the 

characteristic nature of skin cancers based on the 
proliferation of new normal cells with a resonant 
frequency (Rf) of 50Hz, new cancer associated 
fibroblasts (Rf=80Hz), new thin blood vessels 
(Rf=130 Hz), and fibrotic tissue (Rf=250-260 Hz)20,21. 
The Vibrational OptoScope studies provide basic 
information on the changes in the composition of 
the tumor stroma. This information is contained in 
the OCT images of cancers as changes in texture 
and physical arrangement of the lesion components. 
This information is contained in the gray scale OCT 
images and is indirectly extracted by the CNN model 
used to classify the lesion. The change in stroma 
organization as recognized by the CNN model leads 
to a high sensitivity and specificity with limited false 
negative predictions. The false positives observed 
are limited in number and do not lead to any missed 
classifications. Additional data collection will improve 
the sensitivity and specificity of the model s predictions 
for all lesions including SCCs.  
 

OptoScope images can be used as part of a 
telemedicine session. Gray scale OptoScope images 
can be collected by a trained assistant whose job is 
to correctly locate the lesion image. The instrument 
can then be run remotely over the internet by an expert 
who can correctly apply the CNN models to classify 
the lesion. Using this approach, large numbers of 
patients can be rapidly classified, especially in areas 
where Dermatologists are in short supply. The digital 
image is then available to be viewed by experts 
that can refer the patient for treatment.  
 

In cases where the scanning is done in a center where 
a trained nurse or physician s assistant is employed, 
a shave biopsy can immediately be done and sent 
out for histopathology. Small superficial lesions that 
are identified as BCC or SCC can then be treated 
topically minimizing any delay between classification 
and treatment. 
 

Conclusions 
VOCT is a digital technique that identifies new 
cancerous cells, small friable blood vessels, and 
fibrotic tissues that are the hallmarks of epithelial 
cell derived skin cancers. Because of the length of 
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time it takes to collect all the required vibrational data 
required for an in-depth analysis of BCC, SCC, and 
melanomas, a rapid AI based model of OCT grayscale 
images has been developed using a convolutional 
neural network. The grayscale image needed requires 
only about a minute to collect and then can be run 
through the CNN models to calculate a classification 
and the accuracy of the classification. The image 
can be collected and shared digitally for review by 
a trained physician and a referral for treatment can 
be made remotely or the lesion can be biopsied and 
treated topically. The results of this research suggest 
that digital images along with AI models can be 
used with telemedicine for remote classification of 
skin cancers facilitating treatment in areas where 
Dermatology visits are difficult to schedule. 
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