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Abstract

Over the past few years, high-resolution optical imaging technologies such as optical coherence
tomography (OCT), reflectance confocal microscopy (RCM), and multiphoton microscopy
(MPM) have advanced significantly as new methodologies for clinical research and for real-
time detection, diagnosis, and therapy monitoring of skin diseases. Implementation of these
technologies into clinical research and practice requires clinicians to have an understanding

of their capabilities, benefits, and limitations. This concise review provides insights on the
application of OCT, RCM, and MPM for clinical skin imaging through images acquired in
vivo from the same lesions. The presented data are limited to pigmented lesions and basal cell
carcinoma.

Introduction

In the field of dermatology, there are several optical imaging technologies currently applied
for noninvasive subsurface skin imaging as identified by Tkaczyk (2017) in a recent
comprehensive review. Among these techniques, optical coherence tomography (OCT),
reflectance confocal microscopy (RCM), and multiphoton microscopy (MPM) distinguish
themselves on the basis of spatial resolution that ranges from a few microns (OCT) to
submicron (MPM). The potential of RCM and MPM for noninvasive clinical skin imaging

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Correspondence: Mihaela Balu, Beckman Laser Institute and Medical Clinic, University of California, 1002 Health Sciences Road.,
Irvine, California 92617, USA. mbalu@uci.edu.

AUTHOR CONTRIBUTIONS

Conceptualization: MB, CBZ, KMK; Formal analysis: GL, MB, BL, EGB, MA; Methodology: GL MB; Resources: MB, MA, CBZ,
KMK; Supervision: MB, KMK; Writing - Original Draft Preparation: MB, GL; Writing - Review and Editing: MB, EGB, BL, CBZ,
KMK, MA

CONFLICT OF INTEREST

MB is coauthor of a patent owned by the University of California, Irvine (Irvine, CA), which is related to multiphoton microscopy
(MPM) imaging technology. MB and CBZ are cofounders of Infraderm, LLC, a startup spin off from the University of California,
Irvine, which develops MPM-based clinical imaging platforms for commercialization purposes. The Institutional Review Board and
Conflict of Interest Office of the University of California, Irvine, have reviewed patent disclosures and did not find any concerns.
Neither of the authors have any financial interest in any entities that commercialize the imaging devices described in this manuscript.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at www.jidonline.org, and at https://doi.org/10.1016/
j.jid.2022.01.0186.


https://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.jidonline.org/
https://doi.org/10.1016/j.jid.2022.01.016
https://doi.org/10.1016/j.jid.2022.01.016

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lentsch et al.

Page 2

has been shown for a broad range of applications from noninvasive diagnostics (Balu et al.,
2014; Nwaneshiudu et al., 2012; Pezzini et al., 2020) and monitoring treatment (Balu et
al., 2017; Malvehy et al., 2016) to clinical and cosmetic research (Tancréde-Bohin et al.,
2020). OCT has been shown to be of value in the noninvasive diagnosis of nonmelanoma
skin cancer (Que, 2016) and in skin diseases related to dynamic changes in vasculature
(Olsen et al., 2018). Clinical skin imaging devices based on these technologies have been
commercially available for some time (>10 years for MPM and OCT; >20 years for RCM).
Yet, few dermatologists are familiar with RCM imaging of the skin, and even fewer are
familiar with OCT and MPM.

This concise review provides insights on the application of OCT, RCM, and MPM for
clinical skin imaging and describes a comparison of their benefits and limitations related to
various skin conditions.

OCT, RCM, MPM: technology background and current commercial devices

for clinical skin imaging

OCT.

RCM.

This is an interferometric optical imaging technique that can generate three-dimensional
(3D) images of tissue microstructures by measuring backscattered and back-reflected light
in a way that is analogous to ultrasound, using light rather than sound as a light source
(Huang et al., 1991). This results in improved resolution for OCT (1-2 orders of magnitude
higher than conventional ultrasound) but also in limited penetration depth (about 2-3 mm

in most tissues, about 1 mm in the skin) when compared with that for ultrasound imaging
(Fujimoto et al., 2000). OCT has also the ability to detect particle motion corresponding

to blood flow and thus reveal the morphology of the blood vessels structure in the imaged
volume. It is used in a wide range of research and clinical applications, with the largest
clinical impact in ophthalmology. Recent technical advances that improved lateral and
depth resolutions have broadened the range of applications for OCT imaging to include
dermatology. OCT recently received category 111 Current Procedural Terminology (CPT)
codes from the American Medical Association, enabling tracking of its use in the medical
community. Currently, there are two OCT-based systems that hold a medical CE mark

and are cleared by the US Food and Drug Administration (FDA) as a 510(k) device for

skin imaging: the Skintell (Agfahealthcare, Mortsel, Belgium) and VivoSight developed by
Michelson Diagnostics (Orpington, United Kingdom). The latter is used in this study (Figure
1a). To facilitate the VivoSight integration in clinical practice, Michelson Diagnostics offers
a range of educational events (seminars, workshops, seminars) along with several training
resources available online (Vivosight).

This is an optical imaging technique that provides subcellular resolution images on the
basis of differences in the refractive indices of tissue components. It uses near-infrared light
from a diode laser as the excitation source. The focused laser light is raster scanned on

the skin surface, and the backscattered light is collected to provide gray-scale images on
reconstruction. The 3D images of the skin, commonly known as z-stacks, are obtained by
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moving the focusing lens in the z-direction, thus scanning at different depths in the skin. The
development of the RCM-based laser scanning tomograph by Lucid (currently Caliber 1.D.,
Rochester, NY) marked the advance of this technology into the clinical setting, prompting

a wide range of imaging applications in dermatology in the last 20 years (Levine and
Markowitz, 2018). The clinical RCM device used in this study is VivaScope 1500 (Figure
1b) developed by Caliber 1.D., currently in the process of merging with MAVIG GmbH
(Miinchen, Germany). It has CE mark, FDA (510K) clearance, and six category | CPT
reimbursement codes, unique descriptors for well-defined procedures, unlike the category

I11 CPT temporary codes assigned to emerging technologies and procedures. The Center for
Medicare and Medicaid Services has valued all the six of these RCM codes for Medicare/
Medicaid coverage (Levine and Markowitz, 2018). RCM provides higher spatial resolution
than OCT but limited penetration depth (up to 200-250 pm) and limited field of view
(FOV). The FOV provided by the VivaScope 1500 has been extended by implementation

of a mosaic tiling feature (acquisition of adjacent FOVs) that allows areas up to 8 x 8

mm? to be imaged. Caliber 1.D. offers a comprehensive training program through on-site
and online training, expert tutorials, video lectures, and workshops (Confocal Training). The
International Confocal Group offers the opportunity to join a group of over 100 physicians
involved in education, investigation, and collaboration programs related to using RCM in
clinical practice (International Confocal Group).

This is also a laser scanning microscopy technique with a contrast mechanism different from
that of RCM. In the skin, MPM contrast is derived from second harmonic generation (SHG)
of collagen and two-photon excited fluorescence (TPEF) of autofluorescent species such as
the cofactors reduced nicotinamide adenine dinucleotidec and flavin adenine dinucleotide,
elastin, keratin, and melanin. Owing to the different contrast mechanisms, MPM images
can be multicolor and can distinguish cellular features from the extracellular matrix. This
contrast closely resembles the histologic sections dermatopathologists use for diagnosis.
MPM is a more complex imaging technology than RCM and OCT. Its clinical translation
has been challenging mainly owing to the large footprints of the ultrafast laser sources; the
lack of a stable, flexible patient interface; and blurring effects due to physiological motion
artifacts caused by the relatively slow scanning. These challenges have been successfully
overcome with the development of a portable, clinical multiphoton tomograph, MPTflex
(Figure 1c), by Jenlab, GmbH (Jena, Germany). The imaging platform uses a Ti:Sapphire
as a light source, and it features an articulated arm to allow for imaging of almost any
region of the body. It is CE marked for clinical use. In the United States, it is currently
employed exclusively for clinical research. Because the MPTflex is primarily used in a
limited number of locations for clinical research, there are limited resources for training and
tutorials related to image interpretation and analysis. In the United States, video lectures
and hands-on training on using the MPTflex are available at the Beckman Laser Institute
and Medical Clinic (Irvine, CA) during the yearly workshop offered by the Laboratory of
Fluorescence Dynamics at the University of California Irvine (Irvine, CA) (Laboratory for
Fluorescence Dynamics).
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Previous Research Techniques Made Simple articles describe in more detail the basic
principles of OCT (Que, 2016), RCM (Nwaneshiudu et al., 2012; Que, 2016), and MPM
(Obeidy et al., 2018) in the context of skin imaging.

Table 1 presents a summary of the key parameters related to the images generated with
each of the commercial devices (Figure 1) on the basis of the three technologies: OCT,
RCM, and MPM. Similar devices may be under development and commercialized by other
manufacturers.

RCM, MPM, OCT imaging: Clinical value

Normal skin

All images presented in this review were acquired in vivo from patients with normal and
lesional skin using the devices presented in Figure 1. All measurements were conducted
according to an approved institutional review board protocol of the University of California,
Irvine (HS#2008-6307), with written informed consent obtained from all patients. The
volumetric images acquired over mm-scale skin areas by the VivoSight (OCT) and the
VivaScope (RCM) encompassed the smaller scale volume sampled by the MPTflex (MPM).
Thus, the appearance of the same morphological features can be compared side by side in
the images provided by all the three technologies.

as visualized by OCT, RCM, and MPM.

Representative OCT, RCM, and MPM images acquired from the forearm of a volunteer are
presented in Figure 2. The OCT image (Figure 2b), generated as a vertical (x—z) optical
section, shows the stratum corneum as a hyperreflective layer on the skin top surface

and the dermal—epidermal junction (DEJ) as a hyporeflective contour that separates the
epidermis from the dermis. OCT also captures the morphology of the dermal vasculature.
RCM and MPM images are generally acquired as horizontal (x-y) optical sections at
different depths from the stratum corneum to the superficial dermis. The single-depth images
presented in Figure 2 underscore the ability of RCM to generate images of mm-scale
tissue areas, whereas MPM samples a significantly smaller tissue area but with enhanced
contrast, allowing for the detection of collagen starting at the DEJ, among other molecular
components.

The depth-resolved morphology of a volunteer’s forearm normal skin as visualized by
RCM and MPM is presented in Figure 3. The keratinocytes (KCs) of the granulosum and
spinosum layers have a slightly different appearance in the MPM and RCM images owing
to the different origin of signals, but both techniques visualize them as bright cells with
dark nuclei. The KCs of the basal layer have a more similar appearance in the MPM

and RCM images, particularly when they are pigmented and display the bright melanin
caps. Depending on the depth along the DEJ, the KCs of the basal layer appear either as
bright cells arranged in clusters or in a circular pattern surrounding the dermal papilla.
This pattern has enhanced contrast in African-Americans and other highly pigmented skin
compared with that in Caucasian lighter skin types, allowing for better visualization of
certain morphologies; however, the lighter skin allows for imaging penetration through
deeper dermis than darker skin. Collagen and elastin fibers are selectively detected by
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MPM on the basis of their SHG and TPEF signals, respectively. RCM does not distinguish
collagen from elastin fibers.

Basal cell carcinoma as visualized by OCT, RCM, and MPM.

Melanocytic

Basal cell carcinoma (BCC) is a form of skin cancer that originates from the basal cells

of the epidermis and associated follicular structures. Histopathologically, it is characterized
by the presence in the dermis and/or at the DEJ of islands of basaloid cells, often showing
palisading in the peripheral cell layer. The morphological features of a BCC lesion on

the upper arm of a patient, as captured noninvasively by OCT, RCM, and MPM, are
illustrated in Figure 4. The OCT captured the vasculature around the lesion and the nests of
basaloid cells, imaged as bright islands delineated by dark rims. The BCC nests are more
clearly outlined by surrounding collagen in the RCM images and generally present as a
well-resolved cellular structure in the MPM images, particularly for superficial BCC types.

nevi as visualized by OCT, RCM, and MPM.

Figure 5 presents representative OCT, RCM, and MPM images acquired in vivo from a
melanocytic nevus of a patient’s arm. After excision, on the basis of histopathology, the
lesion was diagnosed as a benign dermal nevus. Volumetric images were acquired with all
the three techniques; nonetheless, single x—z (OCT) and x-y (RCM, MPM) images at a
particular depth are shown for easier visualization of the features. The depth of the lesion is
clearly delineated in the OCT image along with the vasculature around the lesion; however,
the morphological features specific to a melanocytic nevus are not distinguished owing to
the limited spatial resolution of OCT. Well-defined nests of nevus cells are captured by both
RCM and MPM. The RCM provides enhanced information about the overall morphology of
the lesion by imaging an mm-scale area, whereas MPM better resolves the cellular structures
within the nests and the surrounding collagen fibers.

Recurrence of melanocytic nevi can occur after incomplete removal and can resemble
melanoma both histologically and clinically. Histologically, they are commonly
characterized by an irregular proliferation of atypical melanocytes, dermal fibrosis, and
an inflammatory infiltrate. Generally, these morphological features are well-captured by
RCM and MPM as illustrated by the images in Figure 6 acquired in vivo from a
recurrent compound melanocytic nevus on the hand of a patient. Although the dendritic
and inflammatory cells are imaged with comparable contrast by both MPM and RCM,
the morphological information is captured by RCM over much larger depth-resolved
tissue areas. However, the dermal morphology around the inflammatory infiltrate is better
identified by MPM owing to the SHG-based contrast that allows for visualization of
collagen fibers. The presence of inflammation makes the delineation of the lesion depth
more challenging with OCT imaging than that of dermal nevus previously discussed. In
addition, the dendritic and inflammatory cells are not distinguished by OCT owing to the
limited spatial resolution.

Spitz nevus is a benign melanocytic nevus with histologic features that overlap with those
of melanoma. Characteristic morphological features such as occasional upward migration
of dendritic cells in the center of the lesion and large junctional nests of spindle dendritic
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cells are well captured in vivo by both MPM and RCM, as illustrated in the images of
Figure 7 acquired from a lesion on the forearm of a patient histologically diagnosed as a
residual/recurrent nevus originally diagnosed as a Spitz nevus. Dendritic cells are imaged

by both MPM and RCM, whereas the melanocytic nests and their dermal location are more
clearly distinguished in the MPM images on the basis of the selective detection of collagen
fibers. The depth-resolved RCM mosaic images allow for the morphology assessment at mm
scale with microscopic resolution. The limited spatial resolution of OCT does not allow for
the clear delineation of the lesion or its microscopic morphology.

Melanoma as visualized by OCT, RCM, and MPM.

Melanoma is one of the deadliest forms of skin cancers that would considerably benefit
from early, noninvasive diagnosis. The most common standard-of-care histologic diagnostic
criteria for melanoma include pagetoid spread, atypical melanocytes, architectural disorder
at the DEJ, and invasion of tumor cells into the dermis (Navarrete-Dechent et al., 2021).
Figure 8 presents representative images acquired in vivo by OCT, RCM, and MPM from a
skin lesion on a patient’s upper arm, histologically diagnosed as invasive melanoma. The
spatial resolution of RCM and MPM allows for visualization of pagetoid spread (Figure

8 el and e2 and f1 and f2), epidermal disarray (Figure 8 el-e5 and f1-f5), and nests of
melanoma cells at the DEJ (Figure 8 5 and 5). As described for the previous lesions,

the RCM mosaic imaging captures the overall morphology of the lesion with microscopic
resolution, whereas the DEJ and the location of the melanoma nests are more clearly
identified in the MPM images on the basis of the molecular contrast provided by this
imaging approach. The OCT image reveals a raised lesion with an increased density of blood
vessels.

Benefits and limitations

The main advantage of OCT, RCM, and MPM over other imaging technologies is the ability
to provide noninvasive depth-resolved images (optical biopsy) beneath the skin surface

with a few microns (OCT), micron (RCM), or submicron (MPM) spatial resolution. OCT
presents images with the lowest spatial resolution among the three imaging approaches,

but it samples a larger volume than RCM and MPM. It also provides functionality in
addition to structural information, allowing for the assessment of changes in the vasculature
network in the skin. On the basis of these abilities, OCT has shown potential for the
noninvasive diagnosis and delineation of nonmelanoma skin cancer (Sinx et al., 2020), the
evaluation of alopecia (Ekelem et al., 2021), and noninvasive diagnosis and delineation

of skin diseases related to dynamic changes in the vasculature (Olsen et al., 2018).

RCM has a superior spatial resolution to OCT, and therefore it has been evaluated and
proved an efficient imaging approach in dermatology for a broader range of applications
such as noninvasive diagnosis of melanoma (Pezzini et al., 2020; Yélamos et al., 2017),
nonmelanoma skin cancer (Que, 2016), and other skin conditions (Levine and Markowitz,
2018); monitoring of skin therapy (Malvehy et al., 2016); or evaluation of human skin
microcirculation (Saknite et al., 2020). The major limitation of RCM is related to its contrast
mechanism that provides grayscale images requiring extensive training to achieve accurate
image interpretation. MPM offers molecular contrast on the basis of endogenous signals
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from different molecular components in the skin, which results in multicolor images that
distinguish cellular features from the extracellular matrix facilitating image interpretation,
implementation of quantitative image analysis approaches (Balu et al., 2014; Lentsch et al.,
2020, 2019; Lin et al., 2019), and evaluation of skin aging based on selective detection

of collagen and elastin fibers (Puschmann et al., 2012). In addition, the detection of the
reduced nicotinamide adenine dinucleotidec based on its fluorescence intensity and lifetime
allows for the assessment of metabolic changes related to a variety of skin conditions,
including skin carcinogenesis (Ko6nig, 2020; Pouli et al., 2016). The main limitation of
MPM as integrated into the current commercial device is the small FOV, which affects

the accuracy of the overall assessment of lesions, particularly for nonuniform pigmented
lesions such as melanoma arising in nevi. MPM has also a significantly slower scanning
rate than OCT and RCM. Both MPM and RCM have limited penetration depth compared
with OCT. Nonetheless, they have the ability to capture the DEJ and the superficial dermis
where many underlying skin conditions originate, including skin cancer. Overall, all these
technologies have benefits and limitations to consider before selecting the appropriate device
for a specific application. Many clinical applications may require a multimodality approach
that incorporates more than one of these imaging tools (Koehler et al., 2011; Monnier et al.,
2021; Sahu et al., 2018).

Moving forward

Addressing the current technical challenges is essential for improving clinical access and the
adoption of these technologies. There are continuous efforts to improve the spatial resolution
of OCT (Dubois et al., 2018; Wang et al., 2021), the RCM contrast (Campanella et al.,
2022), the FOV and imaging speed of MPM (Fast et al., 2020) as well as its penetration
depth (Balu et al., 2015), and the MPM instrument compactness and portability (Fast et

al., 2020; Konig et al., 2021). Ultimately, overcoming the technical and practical challenges
related to the translation of these imaging technologies to clinical practice requires close
collaboration among engineers, scientists, and clinicians to identify needs and the right
approach to address them.
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3D three-dimensional

BCC basal cell carcinoma

CPT Current Procedural Terminology
DEJ dermal—epidermal junction
FDA Food and Drug Administration
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FOV field of view

KC keratinocyte

MPM multiphoton microscopy

OCT optical coherence tomography

RCM reflectance confocal microscopy

SHG second harmonic generation

TPEF two-photon excited fluorescence
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SUMMARY POINTS

What information optical coherence tomography, reflectance confocal microscopy,
and multiphoton microscopy techniques provide

. Optical coherence tomography (OCT): Provides information on overall skin
structure (epidermis, dermal—epidermal junction, and papillary and reticular
dermis), blood vessels, and hair follicles.

. Reflectance confocal microscopy (RCM): Provides information on cellular
structures of the epidermis and dermis, fibrillar structures of the papillary
dermis, and microcirculation.

. Multiphoton microscopy (MPM): Provides information on cellular structures
of the epidermis and dermis, collagen and elastin of the papillary dermis, and
metabolic changes.

Benefits of the OCT, RCM, and MPM

. OCT: deep imaging penetration, large scanning area, and fast imaging.
. RCM: subcellular lateral spatial resolution and large scanning area.
. MPM: submicron lateral spatial resolution and molecular contrast.

Limitations of OCT, RCM, and MPM
. OCT: limited spatial resolution
. RCM: limited contrast
. MPM: limited scanning area
What are OCT, RCM, and MPM clinical devices mostly used for currently?

. OCT: clinical diagnosis of nonmelanoma skin cancers and vascular skin
conditions; clinical research.

. RCM: clinical diagnosis of melanoma and nonmelanoma skin cancers;
clinical research

. MPM: clinical research
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MULTIPLE CHOICE QUESTIONS

1. What skin conditions can be best assessed by optical coherence tomography
(OCT)?

A. Melanoma
B. Vascular skin conditions
C. Basal cell carcinoma

2. What skin conditions can be best assessed by reflectance confocal microscopy
(RCM) and multiphoton microscopy (MPM)?

A. Melanoma
B. Melanocytic nevi
C. Vascular skin conditions

3. What imaging technologies should be used for visualizing an upward
migration of melanocytes?

A MPM
B. OCT
C. RCM
4. What are the combinations of imaging technologies for the best noninvasive

assessment of basal cell carcinoma lesions?
A MPM and RCM
B. OCT and MPM
C. RCMandOCT

5. What are the common benefits of OCT-, RCM-, and MPM-based devices for
clinical skin imaging?

A Label-free imaging
B. Noninvasive imaging

C. Subcellular resolution
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DETAILED ANSWERS
What skin conditions can be best assessed by optical coherence tomography (OCT)?
CORRECT ANSWER: B. Vascular skin conditions; C. Basal cell carcinoma.

Optical coherence tomography (OCT) does not have sufficient spatial resolution for
assessing the changes at the cellular level in melanoma.

What skin conditions can be best assessed by reflectance confocal microscopy
(RCM) and multiphoton microscopy (MPM)?

CORRECT ANSWER: A. Melanoma; B. Melanocytic nevi

Multiphoton microscopy (MPM) and reflectance confocal microscopy (RCM) have
sufficient spatial resolution to capture morphological cellular changes in lesions such
as melanocytic nevi and melanoma. OCT is better at assessing vascular skin conditions
because it has the ability to capture the morphology of the blood vessel’s structure.

What imaging technologies should be used for visualizing an upward migration of
melanocytes?

CORRECT ANSWER: A. MPM; C. RCM

MPM and RCM have sufficient spatial resolution to capture an upward migration of
melanocytes.

What are the combinations of imaging technologies for the best noninvasive
assessment of basal cell carcinoma lesions?

CORRECT ANSWER: B. OCT and MPM; C. RCM and OCT

OCT combined with either RCM or MPM would provide the best assessment of basal
cell carcinoma (BCC) because OCT captures the overall morphology, whereas RCM and
MPM can resolve the cellular structure inside the BCC nests.

What are the common benefits of OCT-, RCM-, and MPM-based devices for clinical
skin imaging?

CORRECT ANSWER: A. Label-free imaging; B. Noninvasive imaging

All the three technologies provide noninvasive, label-free imaging. Only RCM and MPM
can generate images with subcellular resolution.
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Figure 1. Commercial clinical imaging systems for optical skin biopsy.

(a) OCT-based VivoSight (Michelson Diagnostics, Orpington, United Kingdom). (b)
RCM-based clinical tomograph (VivaScope, CALIBER I.D., Rochester, NY). (c) MPM-
based clinical tomograph (MPTflex, JenLab GmbH, Jena, Germany). MPM, multiphoton
microscopy; OCT, optical coherence tomography; RCM, reflectance confocal microscopy.
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Figure 2. Normal skin.
(a) Imaging location on the volar forearm of a volunteer. All the three devices use a metallic

ring that attaches to the skin by double-sided tape and to the instrument imaging head
magnetically to ensure image stability. (b) Cross-sectional (B-scan) OCT image of the skin
showing the ability to capture the dermal vascular network (red) and to differentiate the
epidermal from the dermal layer by clearly identifying the basal membrane (arrows in the
close-up image). Bar = 1 mm. (c) Enface (horizontal) RCM mosaic (mm-scale) image
showing the overall morphology of the skin at a depth of 65 pym (DEJ). Bar = 500 pum.

(d) Close-up view of the area outlined in the RCM image in c revealing the keratinocytes
of the basal layer surrounding the dermal papilla (arrows). Bar = 40 pm. (e) Enface MPM
image acquired at the same depth showing a similar morphology with the RCM image but
with enhanced contrast that clearly distinguishes the dermal papilla collagen (blue) from the
surrounding keratinocytes (green, arrows). Bar = 40 ym. DEJ, dermal—epidermal junction;
MPM, multiphoton microscopy; OCT, optical coherence tomography; RCM, reflectance
confocal microscopy.
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Granulosum Spinosum Dermis

Figure 3. MPM and RCM depth-resolved images of normal skin.
MPM (top) and RCM (bottom) images acquired as z-stacks at different depths from the

same location of a volunteer’s forearm. The images show the normal architecture of live skin
tissue with normally distributed keratinocytes in the granulosum, spinosum, and DEJ layers.
Collagen (blue) and elastin (green) fibers are clearly distinguished in the MPM images. Bar
=40 um in all images. DEJ, dermal-epidermal junction; MPM, multiphoton microscopy;
RCM, reflectance confocal microscopy.
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Figure 4. BCC.
(a) Clinical image (DermLite FOTO, DermLite, San Juan Capistrano, CA). The outline

marker indicates the imaging location. (b) Cross-sectional OCT image showing the ability
to visualize the BCC nests (arrows). Bar = 1 mm. (c) Enface (horizontal) RCM mosaic
(mm-scale) image showing the overall morphology of the lesion at a depth of 75 pm (DEJ).
Bar = 500 um. (d) Close-up view of the area outlined in the RCM image in ¢ revealing a
nest of basaloid cells surrounded by fibrillar structure. Bar = 40 um. (e) Enface MPM image
acquired at the same depth showing a nest of basaloid cells (green) surrounded by collagen
fibers (blue). Bar = 40 um. BCC, basal cell carcinoma; DEJ, dermal-epidermal junction;
MPM, multiphoton microscopy; OCT, optical coherence tomography; RCM, reflectance
confocal microscopy.
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Figure 5. Dermal melanocytic nevus.
(a) H&E and (b) clinical images of the lesion. (c) Cross-sectional OCT image showing the

delineation of the lesion depth (arrows). Bar = 1 mm. (d) Enface (horizontal) RCM mosaic
(mm-scale) image showing the overall morphology of the lesion at a depth of 65 pum (DEJ).
Bar = 500 um. (e) Close-up view of the area outlined in the RCM image in c revealing

the nests of nevus cells surrounded by fibrillar structures. Bar = 40 um. (f) Enface MPM
image acquired at the same depth showing the nests of nevus cells (green) surrounded by
collagen fibers (blue). Bar = 40 pm. DEJ, dermal—-epidermal junction; MPM, multiphoton
microscopy; OCT, optical coherence tomography; RCM, reflectance confocal microscopy.
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Figure 6. Recurrent melanocytic nevus.
(a) H&E and (b) clinical images of the lesion. (c) Cross-sectional OCT image showing the

delineation of the lesion depth with relatively low contrast (arrows). Bar = 1 mm. (d) Enface
(horizontal) RCM mosaic (mm-scale) image showing the overall morphology of the lesion
at a depth of 60 um (DEJ). Bar = 500 pm. (e) 3D RCM images enclosing the area outlined
in the RCM image in d, revealing dendritic cells (arrows) in the basal layer (z = 50 um,

60 um) and nests of inflammatory cells (arrows, z = 75 um, 85 pm) surrounded by fibrillar
structures. Bar = 40 um. (f) 3D MPM images acquired at the same location showing the
dendritic cells (arrows) in the basal layer (z = 40 um, 55 pm) and nests of inflammatory
cells (arrows, z = 80 pm, 95 um) surrounded by collagen fibers (blue). Bar = 40 ym. 3D,
three-dimensional; DEJ, dermal-epidermal junction; MPM, multiphoton microscopy; OCT,
optical coherence tomography; RCM, reflectance confocal microscopy.
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Figure 7. Residual/recurrent nevus with a previous diagnosis of Spitz nevus.
(a) Clinical and (b) H&E images of the lesion. (c) Cross-sectional OCT image showing the

delineation of the lesion depth with relatively low contrast (arrows). Bar = 1 mm. (d) Enface
(horizontal) RCM mosaic (mm-scale) image showing the overall morphology of the lesion
at a depth of 60 um (spinosum layer). Bar = 500 um. () 3D RCM images enclosing the
area outlined in the RCM image in d, revealing the presence of dendritic cells (arrows) in
the spinosum (z = 40 ym, 50 um) and basal (z = 60 um) layers and a nest of dendritic cells
at the DEJ (z = 85 um, 95 pym). Bar = 80 um. (f) 3D MPM images acquired at the same
location, showing the presence of dendritic cells (arrows) at similar depths as those of RCM
and a nest of dendritic cells clearly delineated by collagen fibers (blue). Bar = 40 um. 3D,
three-dimensional; DEJ, dermal—epidermal junction; MPM, multiphoton microscopy; OCT,
optical coherence tomography; RCM, reflectance confocal microscopy.
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Figure 8. Melanoma.
(a) Clinical and (b) H&E images of the lesion. (c) Cross-sectional OCT image showing a

raised lesion with increased density of blood vessels. Bar = 1 mm. (d) Enface (horizontal)
RCM mosaic (mm-scale) image showing the overall morphology of the lesion at a depth of
35 um (spinosum layer). Bar = 500 pm. (e) 3D RCM images enclosing the area outlined in
the RCM image in d, revealing migrating melanocytes in the spinosum layer (arrowheads,
z =25 um, 35 um), epidermal disarray (z = 25-75 pm), and nests of melanoma cells

at the DEJ (arrowheads, z = 75 um). Bar = 100 um. (f) 3D MPM images acquired at

the same location showing migrating melanocytes in the spinosum layer (arrowheads, z
=25 um, 35 um), epidermal disarray (z = 25-75 pm), and a nest of melanoma cells
(arrowheads) surrounded by collagen fibers (blue) at the DEJ (z = 75 pm). Bar = 40 um. 3D,
three-dimensional; DEJ, dermal-epidermal junction; MPM, multiphoton microscopy; OCT,
optical coherence tomography; RCM, reflectance confocal microscopy.

J Invest Dermatol. Author manuscript; available in PMC 2022 December 30.



Page 22

'S9P09 | 1dD 8yl AQ palanod Ajiusiind Jou st 31 Ing ‘ease Jabie| e ueas ued (000g 8d0ISBAIA) 821ABP [BIIULD INDY 8Y) JO UOISIBA playpuey oc._.w

*30U80S8.10N|4 PalIoXa Uoloyd-oM1 ‘341 ‘uonessuab oluowIRYy puodss ‘OHS ‘AdoosoIoIL [8204U0D BOURIB|8I
‘DY ‘AydesBowoy aouaiayod [eando ‘1 DO ‘Adoasosoiw uojoydninu ‘NdIAL ‘MIIAJO PIal ‘AO4 ‘ABOjouIIB) [INPaJ0Id JUBLIND ‘1D ‘ewouldsed [189 [eseq ‘D0g [euoISusWIP-8aiy} ‘e :SUONRIAIGQY

sI8qly unses pue usbe)|0o

Lentsch et al.

pue ‘se)Ad0uB[BW ‘S[|89 BUNWIWI PU. J1}1IPUSP 8INJONJIS Je||1Iqly pUe Jejnj|ad [[eJano pue SuoIsa| BWOUBIBW PUE ‘IAU JUBLINJaI

'S1S3U |[92 SNABU pue DD Pan|0sal-re|n|[ad ‘salAd0uelaW ‘S||32 auNWIWI pue dNIIPUaP ‘s1sau D09 10 uoneauljap dg [[eJanQ sisau D04 ‘004 Ul pazifensiA sainyeay [edlbojoydion
UOIIN|0Sa4 U0JOIWQNS YIIM XLIJeW Jejn|jaoelixa uolN|osal Jenj2agns ABojoydiow

pUe JeIN||32 Y} JO UOIRZI[BNSIA BAIIIBI9S ynm Abojoydiow uoisa| ayj Jo MalA 21dodSoIoeN uoIsa| 8y} Jo MalA 91dodsoloew Qe Buibewn us 1oy anjea [eatulD

1SeJU09

AO4 panwi 1SBJJU0J Jejndsjow ON Jejndsjow ON uonNn|osal [eneds mo suoneNWI

1SJIU0J JBJNJBJO|Al UOIIN|0SaI U0IIIWgNS 04 abre| + uonnjosal Jejn||aagns N\O4 8b1e uonensuad deag salnyeay aouewlopiad A3y

ssInuIw 0z-0T SBINUIW M8} B 0} SPU0DSS JO SUL SPU0J8S Ma} aw Buibew [ejo} parewnns3y

/s 96 Ww/s g0 w/s 200 eale yun Jad awn Buibew|

(aBewn a16uts) ,wrl 05z x 05z Nac 1) ;Ww g x g 01 dn (abewn 816uls) ;wrl 00G x 005 AW x 9 AO Buibeuw]

wr ogz> wrl 0g5z> wr g> yrdep Buibew)

wr z> wrl z> wrl 6> uonN|osal |eneds [eIXy

wr 1> wr 7~ wrdlgy> uonnjosal [eneds [eiale]

OHS/43dL Burianeas Burieneas 1SRAU0D

(X3 LdIN) INdIN (sdoageAIN) INDY (ubisonA) 100 wesgniniy sl9)ewesed

Aoj/walsAs Buibew| reando

sialeweled Aay :Asdoig us [eando aaiseauluoN Joj saibojouyds) Buibew) jeando

‘Tal1qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Invest Dermatol. Author manuscript; available in PMC 2022 December 30.



	Abstract
	Introduction
	OCT, RCM, MPM: technology background and current commercial devices for clinical skin imaging
	OCT.
	RCM.
	MPM.

	RCM, MPM, OCT imaging: Clinical value
	Normal skin as visualized by OCT, RCM, and MPM.
	Basal cell carcinoma as visualized by OCT, RCM, and MPM.
	Melanocytic nevi as visualized by OCT, RCM, and MPM.
	Melanoma as visualized by OCT, RCM, and MPM.

	Benefits and limitations
	Moving forward
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Table 1.

