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Clinical examination is critical for the diagnosis and identification of response to treatment. It is fortunate
that technologies are continuing to evolve, enabling augmentation of classical clinical examination with
noninvasive imaging modalities. This article discusses emerging technologies with a focus on digital
photographic imaging, confocal microscopy, optical coherence tomography, and high-frequency ultra-
sound, as well as several additional developing modalities. The most readily adopted technologies to date
include total-body digital photography and dermoscopy, with some practitioners beginning to use confocal
microscopy. In this article, applications and limitations are addressed. For a detailed discussion of the
principles involved in these technologies, please refer to the first part of this review article. (J Am Acad

Dermatol 2019;80:1121-31.)

Key words: confocal microscopy; dermatology; dermoscopy; digital photographic imaging; fluorescence
imaging; high-frequency ultrasound; machine-based learning; multispectral optoacoustic tomography;
optical coherence tomography; Raman spectroscopy.

maging modalities aid in diagnosis and moni-

toring treatment response for many conditions.

The most highly studied applications are in the
diagnosis of skin cancers. This article discusses the
utility and limitations of the imaging modalities
digital photographic imaging, confocal microscopy
(CM), optical coherence tomography (OCT), and
high-frequency ultrasound (HFUS), as well as a few
others (Table 1). For a discussion of the principles
involved with these technologies, please refer to part
1 of this review.'

While there are many emerging technologies in
the literature, total-body digital photography (TBDP)
and dermoscopy are the most readily adopted. In
order for the other emerging technologies to become
more readily accepted in clinical practice, there must

be continued research into their clinical utility that
ultimately culminates in data regarding their diag-
nostic accuracy. Aside from clinical data, widespread
adoption of emerging techniques is greatly limited
by the cost of equipment and the lack of payer
reimbursement. With time, as these technologies
become better accepted, we are hopeful that these
issues will be overcome.

Another important concept to understand at the
outset of this discussion is machine-based learning
(MBL), which is a technique by which computer
algorithms study and learn from databases of clinical,
histopathologic, and dermoscopic images. MBL has
been studied in the identification of skin cancers.”
Efficacy data has been mixed, though most agree that
MBL has the potential to be consistently more
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accurate than expert clinicians.”* Researchers at
Stanford University compared MBL with board-
certified dermatologists in the differentiation of
melanomas from benign nevi and keratinocyte
carcinomas from seborrheic keratoses. MBL per-
formed as well as experts and, in certain scenarios,
outperformed dermatologists, although it is impor-
tant to note that the images
the machines used lacked the
3-dimensional (3D) clues
that clinicians use when
making diagnoses.” While
MBL needs refinement, it
will likely be a helpful
adjunctive diagnostic tool
when combined with clinical
expertise.” Future algorithms
will utilize software applica-
tions for mobile devices to
grow photographic
bases to increase its accu-
racy.” MBL will become
integrated into imaging tech-
nologies to improve diag-
nostic accuracy and provide risk stratification,
making it an important adjuvant to other emerging
imaging technologies.

cancer.

tools for clinicians.

DIGITAL PHOTOGRAPHIC IMAGING
Clinical applications

Medical photography is frequently used in
dermatology. Secure photographs on portable de-
vices can be directly embedded into medical re-
cords. Digital images enable the comparison of
disease progression, monitoring of nevi and neo-
plasms, and the creation of surgical plans. Parallel
polarized light differentiates papulopustular rosacea
from erythematotelangiectatic subtypes and pro-
vides longitudinal monitoring of vitiligo”’ and
chronic wounds.”

TBDP has become a cornerstone for nevi map-
ping and monitoring. This practice reduces patient
anxiety and the need for biopsies. TBDP also can
detect melanoma earlier.”'’ Usually, 3D photog-
raphy devices monitor melanocytic nevi.''
Additional reports have shown TBDP used in the
monitoring of psoriasis, vitiligo, wounds, infantile
hemangiomas, and scars and for surgical or cosmetic
planning.”'**"

Limitations

Photography can lack standardization with
respect to positioning and lighting, which can be
overcome by using consistent positioning and avail-
able commercial devices. 3D photography devices

CAPSULE SUMMARY

 There are emerging technologies in
dermatology for use in clinical research,
diagnosis, and monitoring therapeutic
response. Currently, adjunctive imaging
technologies are most frequently used
for diagnosis and surgical planning for
nonmelanoma and melanoma skin

data- « With improving technology and usability,
imaging devices will become important
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have difficulties capturing and interpreting hair,
which decreases the accuracy of conditions
involving the face and scalp.”' Commercial devices
can have a large spatial footprint, particularly 3D
photography devices. Clinicians have different qual-
ity devices, and equipment upgrades are expen-
sive.”** Most insurance companies do not cover
TBDP, and costs to patients
can be prohibitive.”” Photo
acquisition times can be
lengthy. '’

Future directions

With the increasing inci-
dence of skin cancers, there
is hope that medical insur-
ance will cover TBDP for
longitudinal nevi  moni-
toring. Mobile devices have
a growing inventory of ap-
plications, and software will
help patients monitor their
lesions at home.”" Patients
will ideally have access to
their TBDP through a medical photography applica-
tion on personal devices to encourage monthly self-
skin examinations given that most tumors are
self-detected. '

DERMOSCOPY
Clinical applications

Dermoscopic imaging is commonly used for a
wide range of conditions, with the most frequent
application being identification of skin cancers.
Dermoscopy has a high sensitivity for skin cancer,
leading to improved biopsy efficiency.”"*
Furthermore, clinicians can identify thinner mela-
nomas with dermoscopy than with clinical exami-
nation alone.”” Multiple algorithms, such as the
2-step algorithm, ABCD rule, 7-point checklist,
Menzies’ method, CASH algorithm, chaos and clues
algorithm, and triage amalgamated dermoscopy
algorithm, aid in the identification of common
dermoscopic lesions.””*” Wohlner et al provides a
comprehensive review of dermoscopic features of
skin cancers.”’

Limitations

Although dermoscopy is highly sensitive (90%), it
is limited by specificity (59%), which remains
low even when performed by experts.”’ To use
dermoscopy effectively, clinicians require extensive
training, and few formal resources exist.””
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Abbreviations used:

3D: 3-dimensional

BCC: basal cell carcinoma

CM: confocal microscopy

FCM:  fluorescence confocal microscopy

HFUS:  high-frequency ultrasound

MBL: machine-based learning

MPT:  multiphoton tomography

MSOT: multispectral optoacoustic tomography
NMSC: nonmelanoma skin cancer

OCT:  optical coherence tomography

RCM:  reflectance confocal microscopy

SCC: squamous cell carcinoma

TBDP: total-body digital photography

Future directions

Improvements with dermatoscope attachments to
mobile devices enable dermatoscopic images to be
easily uploaded into patients’ medical records.
Dermatoscopes will continue to become smaller.
Hopefully, image uploading capabilities will become
integrated into these devices. Eventually, dermato-
scopes will utilize MBL algorithms to offer diagnostic
suggestions.

CONFOCAL MICROSCOPY

Reflectance CM (RCM) and fluorescence CM
(FCM) can identify benign versus malignant lesions
in vivo (predominantly RCM) and ex vivo (predom-
inantly FCM) (Fig 1). CM creates black and white
high-resolution en face images that extend as deep
as the papillary dermis.

Reflectance confocal microscopy

Clinical applications. RCM can improve diag-
nosis of basal cell carcinomas (BCCs), which appear
as bright tumor islands with elongated cord-like
structures and dark cleft-like spaces on RCM.”'
Furthermore, validated BCC features distinguishable
by RCM have been proposed to differentiate BCC
tumor subtypes.”” Keratinocyte malignancies (actinic
keratoses, squamous cell carcinoma [SCC] in situ,
and SCC) can be challenging to differentiate from
each other by RCM, with wide ranges in sensitivities
and specificities for these conditions.” Classic fea-
tures of SCC include irregular epidermal honeycomb
pattern with round bright nuclei in the epidermis
(pagetoid spread) and looping vessels in the papil-
lary dermis.”*

RCM imaging of melanoma can be performed
in vivo and ex vivo. In vivo, classic features include
disorganized pattern, focal loss of dermal-epidermal
junction, bright round or dendritic cells (pagetoid
spread), and irregularly shaped dermal nests.”* RCM
has a much higher sensitivity than dermoscopy (84%
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and 39%, respectively), particularly when examining
hypopigmented or amelanotic melanoma.” RCM
imaging ex vivo involves using melanin as the
chromophore.”” Clinicians can use RCM, typically
either handheld or mosaic RCM, to diagnose lentigo
maligna and lentigo maligna melanoma.

RCM can be used to determine pre-operative
tumor margins for melanocytic and nonmelanoma
tumors.” " RCM visualizes invasion and superfi-
cial recurrence and monitors therapeutic interven-

. : o
tions for skin cancers.”*"

Fluorescence confocal microscopy

Clinical applications. Fluorescent staining
ex vivo with methylene blue or toluidine blue dyes
can be used to identify nonmelanoma skin cancer
(NMSC). BCC has a highly fluorescent signal that
correlates with tumor islands on histopathology."”
Acridine orange used ex vivo stains nuclear DNA
in dermal keratinocytes with increased uptake,
and thus brighter fluorescence, in tumor cells
(Fig 2).>>** FCM has also been studied in mela-
noma research.”” This ex vivo technique takes
~20 seconds to stain and then several minutes to
image (though imaging time increases with larger
tumors).

Once NMSC has been confirmed by biopsy,
patients are referred for Mohs micrographic surgery,
which clears margins via frozen histopathology
sectioning. BCC features identified by FCM (and
staining with acridine orange) strongly correlated
with results from Mohs frozen sections.”* In many
cases, the time taken to identify tumor margins is
decreased in comparison with conventional histo-
pathology (sensitivity 88%-99%, specificity 89%-
99%).7>% Ex vivo FCM has been proposed as an
adjuvant tool in tumor margin identification of
excised Mohs layers.

Limitations of CM

CM requires extensive training to acquire and
interpret images.”"”>""** While RCM might be
more helpful in identifying tumors with clear tumor
nests, it might miss smaller more infiltrative le-
sions.”” 7% Furthermore, due to RCM’s small field
of view, large NMSC, where tumor nests encompass
the entire field, might not be easily identified. CM
reaches a depth of 200-300 pum (the level of the
papillary dermis) when performed in vivo, so
this method could miss deep, recurrent tu-
mors. 31974359 Aside from depth, the anatomic
contour of tissue can impede image generation,ﬁg
although this issue can sometimes be mitigated by
using the handheld device. CM devices are expen-
sive and, depending on the lesion (in vivo) or tissue
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Table I. Summary of advantages, disadvantages, and future directions of emerging technologies

Technology Key features Advantages Disadvantages Future directions
Total-body digital Enables photographic Provides objective Can lack Insurance covering
photography monitoring of disease evidence regarding standardization of technology;
progression, disease progression camera angles and integration of total-
developing and (ie, vitiligo, psoriasis); lighting; commercial body digital
changing nevi, reduced patient devices (provide photographs with
surgical site planning, anxiety; fewer standardized patients’ mobile
and cosmetic biopsies; earlier images) but can be devices
outcomes detection of expensive and have
melanoma; large spatial
encourages rapport footprint; lack of
with cosmetic insurance coverage;
patients for treatment  lengthy photo
monitoring acquisition times
Dermoscopy Provides magnification  Increased diagnostic Requires advanced User friendly integration
of the skin’s surface accuracy in general; training between
akin to a 10x improved biopsy dermatoscope and
microscope objective efficiency; earlier skin mobile devices for
with polarized and cancer detection longitudinal
nonpolarized filters photographic
monitoring; smaller
devices; uploading
and storing
technology integrated
directly into device;
algorithms to offer
diagnostic suggestions
for indeterminant
lesions
MBL Concept of large image High accuracy Learning currently Increasing image
databases teaching differentiating benign limited by size and databases will improve
software algorithms from malignant quality of image software algorithms;
on how to recognize lesions databases available MBL integrates into
clinical, dermoscopic, other technologies to
or histopathologic provide suggested
diagnoses differentials or to
provide confidence
interval for benignity
@ CM images en face up to Highest cellular resolu-  Requires extensive Smaller, more affordable

a 30x microscope
objective with the
highest resolution

Reflectance CM utilizes

endogenous
chromophores (ie,
keratin, melanin) and
is predominantly
done in vivo

Fluorescence CM uses

exogenous contrast
agents (ie, aluminum
chloride, acridine
orange) and is
predominantly
performed ex vivo

tion; enables nonin-
vasive lesion
diagnosis thus
limiting biopsies; per-
mits margin mapping
for skin cancer sur-
geries in cosmetically
sensitive areas

training; device
expense; large
spatial footprint;
image acquisition
time; depth of
penetration;
anatomical contour
can affect image
quality; hyperkera-
tosis, variable skin
texture, and unclean
skin affect decrease
image resolution
and depth

devices; increasing im-
age acquisition
speeds; software
generating 3D and co-
lor images (akin to
standard histopatholo-
gy); histopathology
processing of Mohs
tissue specimens
(either in lieu of or in
tandem with frozen
sections); combination
devices to aid in gross
morphology; integra-
tion of MBL technol-
ogy to aid in image
interpretation

Continued
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Table 1. Cont'd
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Technology Key features

Advantages

Disadvantages Future directions

Optical coherence Generates gray-scale
tomography images by using
interferometry
techniques
comparing time
delays between
echoes reflected from
tissue structures

Ultrasound waves reflect
off of skin structures
with varying echoes
that are then
perceived by a
transducer and
converted into a gray-
scale image

Near-infrared lasers
generate photons
that scatter at the
same and at different
energies at each
chemical bond within
a structure; changes
detected by device
and translated into a
highly specific graph

Visible or ultraviolet
light provides energy
to tissue fluorophores
(endogenous or
exogenous) that
become excited and
then emit energy
photons upon
relaxation that are
detected and
translated into images

Ultrasound waves reflect
off of endogenous
(hemoglobin,
melanin) or
exogenous (dyes)
chromophores at
varying speeds that
are detected and
translated into 3D
images

High-frequency
ultrasound

Raman
spectroscopy

Fluorescence
imaging

Multispectral
optoacoustic
tomography

Rapid image acquisition; Device expense; lacks

depth of penetration
~1.5 mm

Rapid image acquisition; Device expense; low

depth of penetration
up to 6-7 mm

High specificity
(in vivo > ex vivo)

High resolution (cellular
details); can be
performed in vivo or
ex vivo

Depth of penetration
1 cm; can create 3D
images

Not currently

Can require long

Smaller, more affordable
devices; combination
devices to help
overcome limitation of
cellular detail;
integration of MBL
technology to aid in
image interpretation

Smaller, more affordable
devices; identification
of tumor margins pre-
operatively

cellular detail;
overlying anatomy
can affect imaging
quality; requires
advanced training

resolution; lack of
functional contrast;
requires advanced
training; operator
dependent

Improvements in
acquisition speed and
expense; integration of
MBL technology to
provide calculated
malignancy risk

available; expensive;
slow acquisition
speed; potential for
weak imaging
signals

Integration into
combination devices
to aid in diagnostic
and tumor mapping
accuracy

incubation times;
might not be
effective in
identifying higher
risk skin cancers

Not currently available

3D, 3 Dimensional; CM, confocal microscopy; MBL, machine-based learning.

size (ex Vvivo), take

Scanlgm-’& 1,43,50

can significant

Future directions of CM
The RCM design is constantly being
to attain better range of motion

time to

microscope head, reduce motion artifacts, and

increase image acquisition speed. Software is
being developed to generate RCM images with
pseudocolors to ease interpretation by providing

improved

with the With

better correlation with standard histopathology.”*
advancements

in MBL, software will
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Fig 1. Reflectance confocal microscopy (RCM) and opti-
cal coherence tomography (OCT) confirming basal cell
carcinoma. RCM in combination with OCT can aid in
identification of tumor depth and margins. A, RCM
demonstrates tumor islands in the dermis visualized en
face. B and C, OCT helps to illustrate the tumor depth
visualized orthogonally (B) and en face (C). OCT, Optical
coherence tomography; RCM, reflectance confocal
Mmicroscopy.

integrate into CM devices to aid in diagnosis and
risk assessment.

OPTICAL COHERENCE TOMOGRAPHY
Clinical applications

OCT has been widely applied to dermatologic
conditions. OCT can be used to visualize melanomas
and NMSCs for diagnosis and tumor margin delin-
eation.'””"” In addition to assessing benignity, OCT
can monitor disease progression for inflammatory,
infectious, blistering, and vascular lesions; wound
healing; and chronologic photoaging.”™” Skin
photo scatter permits a penetration depth of
~1.5 mm (level of reticular dermis)."*>”
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Fig 2. Acridine orange staining in fluorescence confocal
microscopy. The use of dyes such as acridine orange
applied ex vivo can aid in visualization of tumor islands in
the dermis. With acridine orange, the tumor islands appear
brighter than the surrounding tissue.

Limitations

OCT cannot be used to distinguish individual
cells, which limits its diagnostic capabilities."’
Anatomic structures, such as scars, can impede
visualization of underlying or adjacent features.””
Advanced training is needed for image interpreta-
tion, which remains subjective. "7 OCT devices are
expensive.

Future directions

Of all the technologies discussed, OCT appears to
be the one most frequently combined with other
techniques. The combination multiphoton tomogra-
phy (MPT)-OCT device allows visualization of
cellular details with MPT and morphology with
OCT.”” Because MPT provides a microscopic image
and OCT the macroscopic context, it can be chal-
lenging to accurately correlate images.”” OCT has
also been combined with RCM to identify NMSC
borders (Fig 1). This handheld device provides a 3D
image by obtaining cross-sectional OCT and en face
RCM images.(’1

HIGH-FREQUENCY ULTRASOUND
Clinical applications

HFUS can be used to determine skin thickness
and measure tumor depth, tumor recurrence, and
efficacy of therapeutic interventions.”> When stud-
ied, HFUS confirmed the dermatologic diagnosis in
the majority (82%) of cases and helped revise di-
agnoses in a number of other cases (17%), indicating
the usefulness of this tool.”

The most highly studied application of HFUS is in
diagnosis and identification of skin cancer margins.
BCC lesions appear as hypoechoic, well-defined
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masses with irregular shapes®*" that might occa-

sionally contain hyperechoic spots (ie, corneal cysts,
microcalcifications, or apoptotic cells).”” HFUS can
be used to diagnose superficial BCCs, rule out
infiltrative BCCs, classify the histologic subtype for
large (>40 mm? lesions, and delineate tumor
margins.”%’

With HFUS, SCC appears as an irregular hypo-
echoic mass.”” Compared with BCCs, SCCs often
extend deeper and do not have central hyperechoic
lesions.”**” Doppler function in SCC illustrates le-
sional low-flow vessels.”"*” A thickened epidermal
echo with a subepidermal hypoechoic band suggests
limitation to the epidermis, distinguishing SCC in situ
from SCC.”

Differentiating melanocytic nevi from melanomas
represents a diagnostic challenge. With HFUS, nevi
and melanomas both appear as well-defined ho-
mogenous hypoechoic areas.”® The most useful
features for melanomas include tumor thickness,
prominent vascularity, irregular shape, and dermal
invasion.”*®> HFUS is most helpful in identifying
depth greater or less than 1 mm and in detecting
satellite (<2 cm), in-transit (>2 cm), or nodal

65

metastases.

Limitations

With overall low resolution, HFUS is limited in
assisting with diagnoses.®*®® HFUS lacks functional
contrast,”” creating a challenge when differentiating
various hypoechoic tissues (ie, tumor, fat, and in-
flammatory infiltrates).>®’ Image acquisition and
quality are operator-dependent, requiring advanced
training.””

Future directions

The main utility of HFUS is identifying pre-
operative tumor margins and monitoring response
to treatment.

RAMAN SPECTROSCOPY
Clinical applications

Raman spectroscopy has been studied in skin
cancers.””’? When performed ex vivo, Raman spec-
troscopy has a diagnostic accuracy of 92.4% in
differentiating benign nevi from BCC and mela-
noma.”" In vivo, Raman spectroscopy had a sensi-
tivity of 90% and a specificity of 63% for determining
benignity.”* A second in vivo study reported 73%
accuracy for BCC, 85% for SCC, and 91% for
melanoma.’” Raman spectroscopy can also be used
to evaluate dermal water content,’”" photoag-
ing,”"”>7% cutaneous penetration,”’ pharmacoki-
netics,”” and visualization of tattoo pigment’®’’
and other foreign bodies.””
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Limitations

The main limitation of Raman spectroscopy is
acquisition speed,”* but this parameter continues
to improve with advancing technology.” Other
limitations are weak imaging signals and expense.”

Future directions

Raman spectroscopy combined with MBL will
differentiate benign from malignant lesions in real-
time with a calculated malignancy risk in indetermi-
nate lesions.”

FLUORESCENCE IMAGING
Clinical applications

Fluorescence imaging occurs through 2 main
modalities: quenched activity—based probe imaging
and autofluorescence. Fluorescence has been stud-
ied in skin cancers, aging, and inflammatory diseases
(ie, allergic and irritant contact dermatitis and
psoriasis).”’

Quenched activity—based probe imaging differ-
entiates NMSC from normal benign tissue (sensitivity
98.8%, specificity 89.4%). Ex vivo, quenched
activity—based probe imaging can accurately and
efficiently help determine Mohs margins, taking
~15 minutes compared with frozen sections.”

Autofluorescence imaging can be used to identify
NMSC, which are more fluorescent than normal
tissue because they contain more tryptophan resi-
dues, enabling clinicians to make a diagnosis.™
Collagen autofluoresces at a lower intensity in ma-
lignant than benign lesions due to induction of
collagen crosslinking by tumor enzymes.”’

Photodynamic diagnosis also uses fluorescence
technology.”* With photodynamic diagnosis, a
photosensitizer is applied to the skin, resulting in
the fluorescence of malignant cells. Surgeons using
photodynamic diagnosis required fewer Mohs stages
for SCC, with smaller surgical margins (sensitivity
90%, specificity 80%). In these studies, patients were
treated with methyl aminolevulinic acid or amino-
levulinic acid with a 3-hour or 6-hour incubation
period, respectively.”"®

Limitations

Fluorescence imaging requires long incubation
times when performed in vivo; such is the case with
photodynamic diagnosis. Photodynamic diagnosis is
not effective for identifying high-risk SCCs.**

Future directions

Fluorescence imaging technology has been com-
bined with other techniques, namely polarization-
enhanced reflectance and fluorescence imaging.™
This technique combines multispectral polarized
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light imaging with confocal microscopy. Confocal
microscopy aids in the identification of cell types,
whereas polarized imaging helps delineate

margins.”’

FUTURE DIRECTIONS
Multispectral optoacoustic tomography
Multispectral optoacoustic tomography (MSOT)
was studied in 3 patients to determine presurgical
margins for NMSCs and was found to be consistent
with conventional histology. MSOT can also aid in
presurgical mapping.™ Beyond NMSC, MSOT has
been studied in the classification of psoriatic plaque
severity™ and as a noninvasive method of sentinel
lymph node biopsy in patients with malignant
melanoma.”’ MSOT has been combined with fluo-
rescence imaging”’ and will likely be combed with
other techniques in the future.

Other emerging technologies

Spectrophotometric intracutaneous analysis in-
volves examining skin hemoglobin and melanin
content with software algorithms; data are displayed
graphically to differentiate benign versus malignant
lesions. Currently, this technique is not more effec-
tive than dermoscopy but could become more useful
with improving algorithms. """

Electrical impedance spectroscopy can differen-
tiate benign from malignant lesions on the basis of
innate electrical differences. Perilesional normal skin
is compared with the lesion in question to generate a
risk profile. Similar to spectrophotometric intracuta-
neous analysis, as algorithms improve, electrical
impedance spectroscopy might become more
commonplace.”"??

CONCLUSIONS

With increasing technologic advancements, new
devices and combination imaging technologies will
become more readily available. As imaging software
becomes more sophisticated, adoption of these
technologies will become more palatable. When
lesion diagnosis and treatment margins can be
accurately assessed noninvasively, there will be
rapid acquisition. In the future, it is likely that
cutaneous examinations will be aided by MBL to
augment clinical acumen, possibly minimize bi-
opsies, and potentially identify malignant lesions
earlier.

The authors would like to thank Dr Miguel Cordova
and Dr Aditi Shau from Memorial Sloan Kettering
Cancer Center for contributing the figures for this
publication.
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