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Abstract: The marked increase in the incidence of melanoma coupled with the rapid drop in the
survival rate after metastasis has promoted the investigation into improved diagnostic methods for
melanoma. High-frequency ultrasound (US), optical coherence tomography (OCT), and photoacoustic
imaging (PAI) are three potential modalities that can assist a dermatologist by providing extra
information beyond dermoscopic features. In this study, we imaged a swine model with spontaneous
melanoma using these modalities and compared the images with images of nearby healthy skin.
Histology images were used for validation.
Keywords: photoacoustic imaging; cancer imaging; skin imaging; ultrasound; optical coherence
tomography; melanoma; swine melanoma model

1. Introduction
Melanoma is the most dangerous form of skin cancer. Every year about 100,000 new cases
of melanoma are diagnosed in the United States [1]. This incidence is doubled every 10 years [2].
In recent years, due to climate change, the incidence of melanoma has increased markedly, especially
in fair-skinned populations [3]. The lifetime risk of developing melanoma for persons born in the year
2014 is 1 in 50 [4]. The survival rate from melanoma is about 98% before metastasis, but drops to about
20% with distant metastasis [4]. Thus, early detection of melanoma is critical to preventing mortality.
Lesions suspicious for melanoma should undergo excisional biopsy; however, performing a
biopsy creates pain, scarring, and disfigurements [5–7]. Biopsy also creates anxiety for the patients
while they are waiting for the histopathology results. Partial (incisional) biopsies can lead to sampling
error and inaccurate assessment of the lesion [8]. Thus, a non-invasive imaging technique that could
discern melanoma from healthy tissue while visualizing tumor depth in real-time would allow for
accurate diagnosis and surgical planning.
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Numerous non-invasive imaging modalities are under investigation to aid in the early detection
of melanoma (Table 1). High-frequency ultrasound (US) can measure melanoma depth, but the
image contrast is poor due to the small difference in the acoustic impedance between melanoma
and the surrounding tissues [9–12]. Optical methods, such as confocal microscopy (CM) [13] and
optical coherence tomography (OCT) [14–23], employ the scattering coefficient as a contrast to facilitate
melanoma detection, but the penetration depth is limited. Other methods include multispectral imaging
(MSI) [24–26], hyperspectral imaging (HSI) [27–29], Raman spectroscopy (RS) [30–32], and electrical
impedance imaging (EI) [33–35]. There are other methods to study skin that have not been fully
explored, such as the one in [36].
Table 1. Limitations of non-invasive melanoma imaging methods.
Imaging Modality

Limitation

Clinical Problem

Depends on appearance of classic
dermoscopic features.
Requires training to provide advantage
over clinical examination

Failure to recognize melanomas
that lack specific dermoscopic
criteria

Multispectral imaging
(MSI) [24–26]

Data is projected onto the same plane

Obscures depth information of
melanoma

Reflectance confocal
microscopy (RCM) [40–42]

Limited field of view and penetration
depth

Unable to determine depth of
invasion

High-frequency ultrasound
(HFS) [9–12]

Low specificity

Inability to diagnose type of
tumor

Analysis of chemical composition of
melanoma

Lacks depth discrimination
similar to multispectral imaging

Analysis of electrical impedance spectrum
of lesion

Cannot distinguish nevi from
melanoma

Limited penetration depth

Unable to determine depth of
invasion

Dermoscopy (D) [37–39]

Raman spectroscopy (RS)
[30–32]
Electrical impedance
imaging (EI) [33–35]
Optical coherence
tomography (OCT) [14–17]

Photoacoustic (PA) tomography is a non-invasive, non-ionizing, and functional imaging technique
that can be used at the microscopic (photoacoustic microscopy (PAM)) [43–45] or macroscopic
(photoacoustic computed tomography (PACT)) scales [46–51]. This kind of imaging combines the
contrast of optical imaging with the spatial resolution of ultrasound. A nanosecond pulsed laser
deposits energy onto a light-absorbing sample (such as the skin), causing a local temperature to
increase, with subsequent thermal expansion through the thermoacoustic effect [52–56]. The thermal
expansion yields a localized pressure increase, resulting in the formation of ultrasound waves that are
detected by an ultrasound transducer to produce an image [57–60]. Various ultrasound transducer
configurations can be designed for optimal imaging of the specified target [46,61–67]. This can be
utilized to distinguish specific markers between healthy and melanoma tissue, as seen in Figure 1.
The limitations of the other techniques provided in Table 1 can be solved through the use of a combined
US/PA system to discern structural information, provided by US, with molecular information, provided
by PA. For example, the sensitivity to hemoglobin may be used to image angiogenesis in the growing
tumor [68]. PA has previously been studied in cutaneous melanoma [69–74], demonstrating its ability
to delineate melanoma tumor depth in animal models [69] and humans [70]. Currently, the differences
between melanoma and healthy skin on large animals with spontaneous melanoma using photoacoustic
imaging have not been elucidated.
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Figure 1. Principle of photoacoustic imaging. (a) Schematic of photoacoustic imaging setup for the
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Figure 2.
2. Ultrasound
system components.
components. (a)
Figure
Ultrasound (US)/photoacoustic
(US)/photoacoustic (PA)
(PA) system
(a) Optical
Optical coherence
coherence tomography
tomography
(OCT) system. (b) US/PA DAQ, processing, and storage units, (i) Vantage 128 DAQ system, and (ii)
processing unit. (c) US/PA probe specifications. (d)
(d) US/PA
US/PA probe in use on swine melanoma lesion.
lesion.
unit, HSL:
HSL: High-speed
High-speed swept-source
swept-source laser.
laser.
DAQ: Data acquisition unit,
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3. Results and Discussion
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Photoacoustic images acquired at 532 nm wavelength are shown in Figure 6. The main difference
between the melanoma and the healthy tissue at 532 nm wavelength was the PA signal strength from
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Figure4.4. Ultrasound imagesof
of melanoma lesion and nearby healthy skin. (a) Abdominal: (i) Lesion,
Figure
Ultrasound images melanoma lesion and nearby healthy skin. (a) Abdominal: (i) Lesion,
(ii)
nearby
healthy.
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Figure 5. OCT images of melanoma lesion and nearby healthy skin. (a) Abdominal: (i) Lesion and (ii)
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Sensors 2019, 19, 2815

7 of 14

Photoacoustic images acquired at 532 nm wavelength are shown in Figure 6. The main difference
between the melanoma and the healthy tissue at 532 nm wavelength was the PA signal strength from the
epidermis. Figure 6c shows the average pixel intensity of the epidermal region at 532 nm photoacoustic
imaging of both lesions and nearby healthy skin. The flank melanoma in Figure 6b(i), appeared to
produce a stronger photoacoustic signal than the healthy tissue at this wavelength, most likely due
to the presence of an increased amount of melanin in the epidermis and, thus, higher absorption.
In contrast, in the healthy skin a low and uniform photoacoustic signal can be seen in the epidermis,
which corresponded to normal melanin distribution in the epidermis (Figure 6a(ii),b(ii)).
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extracted from the average epidermal signal strength is shown in Figure 7c, with averaged pixels
within the white dashes of Figure 7a,b. This signal continued into the superficial dermis in melanoma.
Furthermore, with the deeper penetration of light from the longer wavelength, fibrotic septa can also
be seen in healthy tissue (Figure 7a(ii)) similar to those seen in the ultrasound images. The difference
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In Table 2, we have summarized the capability, advantages, and limitations of each of the imaging
modalities used for this study.
Table 2. Advantages and disadvantages of US, OCT, and PA imaging for melanoma imaging.
Imaging
Modality

Imaging Capability

US

Structural–morphology of
different structures in skin

Penetration depth
(up to 2 cm)

Insufficient resolution
even using
high-frequency probes

(i) Weaker signal from
epidermis and dermis
(ii) Absence of fibrotic
septa

High-resolution
morphology

Superior resolution
(1~10 µm depending on
the configuration of
OCT)

Limited penetration
depth (~1.5 mm)

(i) Broadened shape of rete
ridges
(ii) Less defined
dermal–epidermal
junction

Vascular pattern and
oxygenation maps

Multispectral imaging

Insufficient resolution
for cellular imaging

(i) Stronger signal from
epidermis layer

OCT

PA

Advantage

Limitations

Findings in Lesional Area

Although the US images showed structural differences between the melanoma and healthy skin,
this modality was unable to identify micron-level morphological changes in the skin due to melanoma.
Therefore, US can provide information on the size and shape of a lesion, but cannot provide details
regarding the diagnosis or malignant potential. Higher frequency US probes could enable cellular
imaging while maintaining a sufficient penetration depth and provide more specificity for diagnosis.
OCT helped to display disordered architectural organization in rete ridges and the dermal-epidermal
junction, and helped visualize the infiltrative nature of the tumor [96]. With photoacoustic imaging
(PA), we were able to extract information related to melanin content in the tumors through epidermal
signal strength. As shown in Figure 1b, 532 nm illumination will have the greatest PA signal from
high absorption of oxy- and deoxy-hemoglobin with some signal from lower absorption of melanin
and minimal absorption of water. This wavelength may allow for the staging of angiogenesis in
the melanoma lesion. In Figure 1b, 1064 nm illumination had comparable absorption by oxy-,
deoxy-hemoglobin, and melanin, and minimal absorption from water. This wavelength may show
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changes in the melanin content in the lesion. Exact contributions to photoacoustic signals from multiple
optical absorbers require the use of photoacoustic spectroscopy, i.e., semi-simultaneous imaging using
several wavelengths [96]. As we did not have access to a broad-spectrum tunable laser source for
this study, only total absorption was explored in our images. Moreover, the oxygen uptake rate of
cancerous tissue was higher as compared to normal skin, which can be measured in the PA images.
PA was also capable of detecting the bottom boundary of the tumor. Limitations observed in each of
these imaging modalities led us to believe that a combined US/PA/OCT imaging technique could help
clinicians in the diagnosis of melanoma.
4. Conclusions
There is a need for a non-invasive in vivo imaging for rapid diagnosis of melanoma. We presented
the results of three imaging modalities—ultrasound, optical coherence tomography, and photoacoustic
imaging—to study the image features of melanoma compared to those in nearby healthy skin tissue
and evaluated their clinical capability. It can be seen that there are subtle differences between lesioned
and healthy tissues in the US: A stronger signal from the epidermis and dermis, and a presence of
fibrotic septa in healthy tissue, whereas comparatively weaker US intensity and no presence of fibrotic
septa was observed at the melanoma site. We were able to visualize the micron-level morphological
differences between the melanoma and healthy tissues for thin lesions using OCT. Melanoma lesions
displayed a more disordered architectural organization in OCT images, rete ridges with a broadened
shape, and a less defined dermal–epidermal junction due to the infiltrative nature of the tumor
growth and the irregularity of rete ridges. In PA imaging, the use of 532 nm wavelength illumination
demonstrated a difference in the epidermal signal, with melanoma lesions being stronger most likely
due to greater pigmentation. The 1064 nm illumination presented a stronger epidermal signal; however,
it also provided the information regarding the presence of fibrotic septa in the healthy tissue due to
deeper illumination penetration. Our findings are not necessarily specific to melanoma since we did
not have access to benign nevi lesion in the same animal for a fair comparison. Further, the melanomas
imaged were thick with large nests of melanocytes. These observations may not pertain to imaging
early, thin melanoma. More research is necessary to determine which findings are specific to melanoma
and whether or not they can be used to distinguish melanoma and benign melanocytic tumors.
Combining our observations, healthy skin demonstrated fibrotic septa in the subcutaneous region
in US, thinner epidermis with patterned structure in OCT, and a lower average PA signal intensity
from epidermis. In melanoma, we observed a reduced dermal signal in US, a stronger epidermal
photoacoustic signal intensity, and larger and broader rete ridges in OCT.
This pilot study evaluated differences between melanoma and healthy tissue and we are looking to
perform evaluations on a larger number of samples to confirm the trends seen in the images provided
in this study.
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