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Introduction 

A number of methods have been used to noninvasively image skin and skin lesions including dermoscopy, reflective confocal 

microscopy, ultra-sonography and optical coherence tomography [1-7]. They can be used not only for diagnosis but also to 

Abstract 

We have used vibrational optical coherence tomography (VOCT) to image and measure the mechanical properties 

of normal skin and skin lesions. It is observed that in a congenital nevus and normal skin, the cellular epidermis is 

qualitatively not as bright as in skin lesions including basal cell carcinoma, actinic keratosis and a melanocytic 

nevus. Melanin and cytochrome c oxidase are reported to attenuate the reflection of near-infrared light at a 

wavelength of 810 nm and therefore may explain the reduced reflection of light in a congenital nevus and normal 

skin under conditions where cytochrome c oxidase levels would be expected to be high. 

Our results suggest that the melanin and cytochrome c oxidase levels found in congenital nevus and skin lesions 

may influence the observed pixel density observed in OCT images. For this reason, a correction for the content of 

these components in the skin must be considered before quantitative pixel measurements can be correctly 

interpreted. Additional measurements of pixel density along with the moduli of cellular and collagenous components 

in skin and skin lesions are needed to further interpret the significance of “virtual biopsies” made using VOCT.  
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choose the best therapy to follow a patient’s response to treatment in vivo [1]. These methods are complementary to each other 

producing an image of skin and skin lesions; however, they would be extended by the addition of other physical data that 

reflect the overall properties of the extracellular matrix [8-19]. 

Dermoscopy is a noninvasive microscopic technique based on the use of incident light to collect an image minimizing specular 

reflectance [1]. A combination of dermoscopy and whole-body photography enables mapping of all lesions and their evolution 

over time. This technique is useful for both pigmented and non-pigmented lesions and yields a magnification of about 20x 

[1,4,7]. However, dermoscopy alone cannot give information concerning the cellular details such as the extent of mitoses as 

well as images below the surface of the skin. 

Confocal microscopy makes possible a real-time examination of skin and skin lesions. The technique requires a skilled 

technician and provides a resolution of between 0.5 and 1.0 µm [1]. Using this technique, a series of optical sections from the 

epidermis to the papillary dermis is obtained. These images have been used to refine melanoma diagnosis to be more accurate 

and provide qualitative information concerning cells, blood vessels and collagen. The images are far superior to those obtained 

with ultrasound. 

Ultrasonography (USG) is based on the reflection of sound at boundaries between tissues of different densities. It uses sound 

at frequencies between 15 MHz and 20 MHz and the main clinical use is the preoperative assessment of the depth of invasion 

of melanomas and basal cell carcinomas [3]. The images obtained using high-frequency ultrasound are not a sharp as are those 

obtained with other techniques, but ultrasound offers the ability to obtain some quantitative information about the tissues 

being observed. 

Optical coherence tomography (OCT) is a technique that creates an image based on interference between incident and 

reflected light beams generating serial axial images as deep as the reticular dermis [2]. It creates an image with a resolution 

of between 10 and 20 µm. Based on OCT images it has been reported that malignant melanomas rarely exhibit a clear 

epidermal-dermal junction zone when compared with benign nevi [18].  

Recently, we have introduced the use of vibrational OCT (VOCT) to characterize a number of tissues in vitro and in vivo [8-

17]. VOCT combines the imaging power of OCT with the ability to quantitatively measure tissue stiffness. Tissue stiffness 

has been reported to be correlated with changes in cancer cells stiffness; increased tissue stiffness (also termed modulus) has 

been shown to be a characteristic of potential tumor metastasis [19]. 

All of these methods give images of skin and skin lesions; however, only VOCT provides calibrated physical data to evaluate 

the changes in properties of extracellular matrix (ECM) that occur during diseases and wound healing [8-17]. Under normal 

conditions, the epidermis is thin and the mechanical properties cannot be measured. However, when a benign or malignant 

skin lesion forms, it is possible to measure the mechanical properties of the epidermis since the epidermis thickens and cell-

cell interactions affect tissue properties [17,20]. 

In this paper, we discuss the use of VOCT to image and measure changes in the mechanical properties of skin and skin lesions. 

Our results suggest that VOCT in concert with dermoscopy and refractive confocal microscopy can be used to improve our 
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understanding of skin pathology that occurs in disease based on the measurement of tissue modulus and image pixel 

intensities. 

Methods 

In Vitro Calibration Curve Construction Using Measurements on ECMs 

Vibrational optical coherence tomography (VOCT) is a new technique developed in the Department of Pathology at Robert 

Wood Johnson Medical School, Rutgers, the State University of New Jersey. It uses near infrared light and audible sound to 

image and measure the resonant frequency of tissues [8-17, 20]. The resonant frequency of a tissue is directly related to the 

tissue stiffness as described previously [8-17, 20].  

 

Figure 1: Diagram illustrating the setup used to collect images and measure the mechanical properties of tissues using 

vibrational optic coherence tomography (VOCT). In OCT, an infrared light beam is split into two components. One beam is 

directed to a detector and mixed with reflected light from the sample. An image is collected in the scanning mode. In the B 

mode, after a sinusoidal sound wave is applied, the light is fixed on a single point and the frequency at which the maximum 

displacement occurs is measured. The modulus is calculated using a calibrations curve (Figure 3). 

 

Figure 2: Weighted displacement versus frequency curve for normal skin abd scar tissue used to determine the tissue 

modulus. The modulus is determined from the frequency at which the maximum displacement occurs using the tissue 

thickness and the calibration curve shown in Figure 3. The resonant frequency of normal skin is lower than that of scar 

tissue resulting in a higher modulus for scar using Figure 3 (Table 1). 

A schematic diagram of VOCT is shown in (Figure 1). An image of the sample is first obtained using near infrared light with 

the OCT operating in the scanning mode. A frequency generator is then turned on that is connected to a speaker, and audible 

sound impinges on the tissue providing a transverse deflection of the surface. The transverse deflection of the tissue is 
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measured as a function of the applied sound frequency in the B mode at a fixed point. The resonant frequency is defined as 

the frequency at which the maximum sample deflection is observed as is illustrated in (Figure 2). 

A calibration curve of modulus values for control ECMs was constructed by comparing moduli measured using conventional 

tensile testing and VOCT measurements in vitro as previously described [8-17]. The constructed calibration curve shows a 

one-to-one relationship between tensile and vibrational moduli measured on the same samples including decellularized human 

dermis, pig skin, and bovine cartilage [8-17]. The resonant frequency was determined after correction for the resonant 

frequencies exhibited by the speaker, sample holders and any interference due to line fluctuations [8-17]. 

VOCT Measurements  

Image Collection 

OCT cross-sectional images were obtained using a modified OQ Labscope (Lumedica Inc., Durham, NC) [11-17]. The images 

were collected in the scanning mode. The original grayscale OCT images of skin and skin lesions were pseudo-color-coded 

based on the pixel intensities to provide better images of the tissue components. The enhanced OCT images used darker 

colored (blue and purple) regions to reflect lower pixel intensities while the lighter (yellowish) regions reflected higher pixel 

intensity regions. 

OCT and Vibrational Analysis in vivo 

Transverse sample displacement was generated by placing a speaker next to the skin as discussed previously [8-17]. The 

spectral-domain optical coherence tomography (SD-OCT) system uses a fiber-coupled super luminescent diode light source 

with an 810 nm center wavelength and 100 nm bandwidth (full-width at half maximum) [8-17]. 

During in vivo measurements, no sensation of the light or sound impinging on the skin was felt. The sinusoidal driving wave 

was amplified using a power supply and then a speaker was placed near the tissue to vibrate the skin. The amplified sound 

could be heard during the examination but the sound was never above 60 decibels. 

 

Figure 3: Calibration curve of tissue thickness times modulus versus resonant frequency. This curve was obtained from in 

vitro calibration studies using a variety of extracellular matrices [8-17]. 

The resonant frequency of each sample was initially estimated by measuring the transverse displacement resulting from 

sinusoidal driving frequencies ranging from 30 Hz to 300 Hz, in steps of 50 Hz. Once the region where the maximum 



http://www.tridhascholars.org | October-2019 

113 

 

displacement was identified, smaller steps of 10 Hz were used to more accurately identify the peak frequency (the resonant 

frequency), fn. The moduli of skin and skin lesions were calculated from measurements of the resonant frequency and tissue 

thickness made using VOCT and images of the tissues. Moduli were then obtained from a calibration curve that relates 

resonant frequency and thickness to modulus values (Figure 3). 

Results 

Imaging Normal Skin and Skin Lesions 

In normal skin, the epidermis is quite thin and the cellular layers are visible after color coding the image based on pixel 

intensities as shown in Figure 4. The stratum corneum (C), granulosum (G), lucidum (L) and Basale (B), and the papillae in 

the dermis (P) are labeled in the enhanced OCT image as reported previously for normal skin [17,20]. Figure 2 shows the 

resonant frequencies of normal skin and scar tissues. The calculated modulus of thermal scar tissue is much higher (Table 1) 

than that of normal skin in vivo.  The epidermis of skin and scar are too thin to measure the resonant frequencies of these 

layers [17,20]. However, if the epidermis proliferates the resonant frequency of the epidermis can be measured as recently 

demonstrated for skin lesions [17,20]. The enhanced OCT image of a congenital nevus is shown in Figure 5. Note the image 

thickness of the congenital nevus epidermis and dermis is much thinner than that of normal skin suggesting that light 

penetration and reflection from the nevus is limited compared to that of normal skin. The resonant frequency and modulus 

values obtained by VOCT for normal skin and the congenital nevus are shown in Table 1. Note because of the light absorption 

by the congenital nevus the modulus cannot be calculated correctly until a correction can be made for the impaired light 

penetration observed. 

 

Figure 4: Enhanced OCT image of normal skin and adjacent scar tissue (left) and a histological section of human skin 

(right). Note the thinness of the stratum corneum and upper layers of skin and scar tissue (lesion) as compared to skin 

lesions discussed in Figure 6 - Figure 8 [17,20]. The layers of normal skin in the OCT mage include the stratum corneum 

(A), stratum germinosum (B), and papillary dermis (C). In the histological section (right) the layers include the stratum 

corneum (C), stratum lucidum (L), stratum germinosum (G), stratum basale (B) and the papillary dermis (P). 
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Figure 5: Enhanced OCT image of a congenital nevus. The small image thickness illustrates the lack of penetration of the 

infrared light due to absorption by melanin of the nevus. 

Tissue Resonant Frequencies (Hz) Modulus #1 (MPa) Modulus #2 (MPa) 

Skin 90-120* None 2.0 to 3.0 

Scar 220-230 None 7.0 

Melanocytic Nevus 40, 140-180 0.398 3.10 

Congenital Nevus 120 None * 

Basal Cell Carcinoma 60,160 0.618 2.66 

Actinic Keratosis 70,140-180 0.890 3.05 

Table 1: The resonant frequency and moduli of skin and different skin lesions collected from [8-17,20] and determined in 

this study. Note: *exact value will depend on skin thickness correction due to light absorption by melanin. 

 

Figure 6: Enhanced OCT image of a melanocytic nevus. Note the increased depth of penetration of the light when 

compared to Figure 5. This difference is associated with the absorption of light by large amount of melanin contained in the 

congenital nevus. 
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Figure 6 - Figure 8 shows the enhanced OCT images for a melanocytic nevus, an actinic keratosis, and a basal cell carcinoma. 

Note the rete pegs characteristic of normal skin is not seen in the actinic keratosis, a precursor of squamous cell cancer [17,20] 

and in the basal cell carcinoma [17,20]. Note the increased pixel intensity (bright yellow color) in the basal cell carcinoma, 

actinic keratosis and melanocytic nevus compared to normal skin and congenital nevus. 

 

Figure 7: Enhanced OCT image of a basal cell carcinoma (BCC). Note the bright yellow upper layers of the epidermis 

when compared to Figure 4. The increased brightness compared to Figure 4 suggests that decreased light absorption is due 

to decreased cytochrome c oxidase activity that occurs in cancerous tissues. 

 

Figure 8: Enhanced OCT image of an actinic keratosis lesion. Note the intermediate brightness of the upper epidermal 

layers between that of normal skin (Figure 4) and the basal cell carcinoma (BCC) (Figure 7) suggesting that some decrease 

in cytochrome c activity may occur in this lesion compared to normal skin Figure 7. 

Discussion 

We have developed a method termed vibrational optical coherence tomography (VOCT) to do virtual biopsies on skin and 

skin lesions. The VOCT image can be color enhanced to see all the layers of skin and skin lesions as reported previously [8-

17,20]. In addition, it is possible to measure the stiffness of the cellular and collagenous components of skin by measuring the 
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resonant frequency of these components after a transverse sinusoidal sound wave is applied to the surface of the skin [8-

17,20]. 

In this study, we ask the question whether we can obtain additional information concerning the layers that make up skin and 

skin lesions by determining how deep the infrared light (wavelength of 810 nm) can penetrate. In theory, we can also measure 

the relative pixel intensities that result from the reflection of the light. To answer this question, we must consider what factors 

affect the reflection and absorption of infrared light that occur during our OCT measurements. 

Incident light hitting the sample is absorbed, reflected or scattered by surface. While the “optical window” for skin has been 

reported to be between 600 and 1350 nm [20, 21], both melanin and cytochrome c oxidase have been reported to absorb light 

at about 810 nm [4, 21, 22]. For light colored human skin, the reflectance of light is as high as 90% at a wavelength of 760 

nm; for dark colored skin it decreases to 0.4 depending on the melanin content [20]. 

Absorption of light by melanin in melanocytes and by cytochrome c oxidase found in mitochondria located in adherens 

junctions reduces the amount of light reflected back to the OCT device and decreases the depth to which the light can penetrate. 

Increased production of cytochrome c oxidase is observed during normal apoptosis of cells [4, 22] and is reported to accelerate 

skin healing [4]. Apoptosis resistance and cancer are associated with decreased levels of cytochrome c oxidase that are induced 

by transformed cells [22]. The stability of mitochondrial ion channels and the lack of release of cytochrome c into cellular 

adherence junctions is also associated with chemo-resistance of cancer cells [23]. 

These study results indicate that light penetration through the skin is decreased in the congenital nevus due to absorption by 

melanin (Figure 5) while in comparison the light intensity in the melanocytic nevus is increased (increased yellow in Figure 

6) and appears to indicate that the amount of melanin in the cells of the lesion is not enough to offset the increased reflected 

light intensity due to cytochrome c oxidase activity reduction. Furthermore, in the images of the melanocytic nevus (Figure 

6), basal cell carcinoma (Figure 7) and the actinic keratosis (AK) (Figure 8) the reflected light (bright yellow) in the superficial 

part of the epidermis appears to be greater than that observed with normal skin or scar tissue. Especially in the case of the 

basal cell carcinoma (BCC), the bright yellow color appears to indicate that cytochrome c oxidase absorption of light is 

impaired. The increased pixel intensity seen in BCC suggests that cytochrome c oxidase activity is reduced and this reduction 

may be a measure of the malignancy of a lesion if it can be quantitatively assessed. 

In contrast to the melanocytic nevus, the congenital nevus did not demonstrate a cellular peak as demonstrated by the data in 

Table 1. The melanocytic nevus, BCC and AK lesions all had both cellular and collagen peaks as reported previously [17, 20, 

24]. 

Conclusion 

Both the presence of melanin and cytochrome c oxidase decreases the amount of reflected light at a wavelength of 810 nm. 

In normal skin, the epidermis is qualitatively not as bright as it is in skin lesions including the basal cell carcinoma and actinic 

keratosis studied. This is due to a lower cytochrome c oxidase activity in these lesions. Cytochrome c oxidase has been shown 

to be associated with maintenance of normal adherence junction mitochondrial activity required for apoptosis. Apoptosis 

resistance is considered a hallmark of cancer cells. Therefore, a quantitative comparison of the pixel intensity of normal 

epithelium and those observed in skin lesions may provide an indicator of cellular function. However, interpretation of the 
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enhanced OCT image of “normal skin” and skin lesions depends on understanding how the presence of melanin and 

cytochrome c oxidase quantitatively affects the pixel intensities of the epidermis and dermis. Additional work is ongoing to 

understand how to correct pixel intensities of the epidermis and dermis for variation in the amount of melanin present in skin. 
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