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Abstract

Dermatologists mainly entrust visual

clinical examinations in conjunction

with histopathology for an informed

skin condition diagnosis, which is

invasive and not adequate to assess

skin conditions still present in sub-

cutaneous skin layers. With emerg-

ing complementary imaging and

spectroscopic technologies currently

available, the assessment of skin

conditions is more accessible than

before. This review article will cover these technologies including: photo-

acoustic imaging, reflectance confocal microscopy, multiphoton microscopy,

optical coherence tomography and confocal Raman spectroscopy. The basic

concepts of these technologies and their configurations will be touched on,

together with their limitations and future directions. The review article will

discuss how these technologies are utilized for cutaneous applications, examin-

ing studies accomplished either in vivo on humans or on ex vivo human

specimens.

Abbreviations: AR-PAM, acoustic resolution photoacoustic microscopy; BCC, basal cell carcinoma; DMD, Duchenne
muscular dystrophy; FOV, field-of-view; Hb, deoxy-hemoglobin; HbO2, oxy-hemoglobin; IOD, integrated optical den-
sity; MMI, multiphoton melanoma index; MMS, Mohs micrographic surgery; MPM, multiphoton microscopy; MSOM,
multispectral optoacoustic mesoscopy; MSOT, multispectral optoacoustic tomography; NIR, near-infrared; NMF, natu-
ral moisturizing factors; NMSC, non-melanoma skin cancer; OCT, optical coherence tomography; OR-PAM, optical res-
olution photoacoustic microscopy; PA, photoacoustic; PAI, photoacoustic imaging; PAM, photoacoustic microscopy;
PAT, photoacoustic tomography; RCM, reflectance confocal microscopy; RSOM, raster-scanning optoacoustic
mesoscopy; SCC, squamous cell carcinoma; SHG, second-harmonic generation; sO2, oxygen saturation.
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1 | INTRODUCTION

Dermatology involves the diagnosis, clinical and surgical
treatment of skin conditions and diseases. As the skin
structure is stratified into layers and vascular networks,
skin conditions can originate from different structural
and molecular dysfunction. Dermatologists convention-
ally rely on clinical examination, often followed by skin
biopsies and histopathologic assessment, for the diagnosis
of skin diseases. However, skin biopsies are invasive and
unaesthetically pleasing. Additionally, chemical analyti-
cal techniques to elucidate biochemical compositions in
skin biopsies are time-consuming. Therefore, the pros-
pect of a more exact and in-depth visualization of physio-
logical function and tissue bimolecular composition
profiles of the skin using noninvasive technologies to give
a precise diagnosis, will negate skin biopsies and is
appealing to both clinicians and patients. In the past
decade, a surge in noninvasive imaging and analytical
optical diagnostic modalities has emerged from the
advancement of optical components such as lasers and
detectors, with some even currently being adopted in the
clinical practice.

The current standard of care tool used in primary care
is dermoscopy or epiluminescence light microscopy,
which provides a magnified view of the skin surface, to
visualize the melanin and blood vessels on the skin. They
are usually practiced in the diagnosis of cutaneous neo-
plasms and other pigmented lesions. It is portable, hand-
held and economical, aiding its widespread clinical
integration. However, the specificity of the device in diag-
nosing different types of skin cancer remains low and
even akin to mere examinations by the naked eye of clini-
cal practitioner [1], while commonly giving inaccurate
diagnoses that is false-positive and false-negative skin
tumor diagnoses [2]. An alternative modality to image
skin blood vessels is magnetic resonance imaging but is
limited in the resolution to resolve smaller capillary loops
and vascular plexus networks [3].

Complementary to morphological imaging, biochemi-
cal analysis of the skin composition to characterize skin
health can act as a screening method in the diagnosis
and classification of skin conditions. Optical spectroscopy
techniques are suited as the basis to screen for skin con-
ditions, attributed to their multiple-sites sampling, imme-
diate assessment and identification of faint molecular
compositions regardless of visible structural dysfunction.

Autofluorescence spectroscopy of skin has been studied
in the past decades, for example in differentiating photo-
aging from time-induced aging [4] or classifying skin
lesions [5, 6]. Skin autofluorescence is attributed to the
NADH, FAD and porphyrins molecules in the skin,
which makes autofluorescence spectroscopy limited in
the number of tissue components detected and specificity
of components due to the broad and overlapping spectral
features of these molecules [7]. Diffuse reflectance spec-
troscopy has similarly been used to characterize skin
lesions [8] and psoriatic skin [9]. However, this technique
is unable to resolve chemical constituents of the skin
other than the inherent absorbers hemoglobin, melanin,
collagen and bilirubin. Therefore, there is a need for a
spectroscopy analytic method to distinguish distinct spec-
tral peaks emanating from a diverse range of molecular
moieties in the skin to characterize the skin fully and to
accomplish remarkable classification performance.

Emerging biomedical optical imaging and spectroscopic
modalities with varying resolutions and penetration depths
(Table 1) have transpired in the field of skin research to
address these limitations in the abovementioned first-line
technologies. With this state-of-the-art arsenal with which
dermatologists can employ in the clinics, clinical analysis
and diagnosis can improve, streamlining the clinical
workflow. Our paper will look into these technologies,
gathered from recent reports, and their clinical dermatolog-
ical applications.

2 | PHOTOACOUSTIC IMAGING

Photoacoustic (PA) imaging (PAI) is an emerging hybrid
imaging technology that combines light and sound ele-
gantly. When light energy in the form of pulsed laser is
absorbed by tissue in PAI, the tissue heats up and
expands thermoelastically, giving out acoustic energy
identified by ultrasonic transducers [10]. Tomographic
and volumetric images of optical absorption contrast are
subsequently produced via image reconstruction of
detected ultrasonic signals, with high spatial and tempo-
ral resolutions and superdepths. The spatial resolution
and penetration depth are correlated with the ultrasonic
frequency of the transducer and the extent of diffused
photons in tissue. When light energy at multiple wave-
lengths is absorbed by tissue, multiple absorption con-
trast granted by the characteristic absorption spectra of
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the different tissue chromophores allows the visualiza-
tion of said chromophores such as oxy-hemoglobin
(HbO2), deoxy-hemoglobin (Hb), melanin, lipid and
water. Endogenous optical contrast of these chromo-
phores can be exploited in functional imaging by observ-
ing physiological capacities, for instance, blood flow and
oxygenation, and melanin concentration. Since the first
functional PAI system reported in 2003 [11], the biomedi-
cal translation of PAI [12] has been demonstrated
especially in dermatology, showcasing the vascular, func-
tional, metabolic, and molecular imaging capabilities. In
this section, we review the various PA skin imaging sys-
tems at multiple spatial scales and highlight recent
reported clinical studies in dermatology.

By varying the approaches of optical illumination and
acoustic detection, PAI systems can be classified into
tomography, mesoscopy and microscopy systems, giving
images of different spatial resolutions and imaging
depths. All three configurations have been used for skin
imaging.

2.1 | PA microscopy

One implementation of PAI is PA microscopy (PAM), in
which the tissue is excited by a pulsed laser beam while
the acoustic waves are detected by a focused ultrasonic
transducer to obtain volumetric images. PAM utilizes ras-
ter-scanning with optical and acoustic foci and forms 3D
high-resolution tomographic images. PAM can be catego-
rized into two operation modes, that is, acoustic resolu-
tion-PAM (AR-PAM) and optical resolution-PAM (OR-
PAM) [13]. Weak optical and tight acoustic focusing is
employed in AR-PAM to grant deep penetration while
breaking the optical diffusion limit (above 1 mm depth)
at high spatial resolutions (20-50 μm). The spatial resolu-
tions can be improved by focusing the optical beam as in
OR-PAM mode which grants high resolution imaging
down to organelle and cellular level [14]. Switchable OR
and AR mode systems have been reported which gives a
smooth shift from imaging in superficial blood vessels on
superficial skin layer to imaging at deeper depths [15].

2.2 | PA mesoscopy

Imaging mesoscopic-sized skin structures in the scale of
1 mm to 1 cm remains inaccessible by PAM due to its
limited penetration depth. PA mesoscopy which is PAI in
acoustic resolution and with ultra-broadband ultrasound
detection, is capable of addressing this limitation while
reaching several millimeters of depth [16]. In another
implementation of AR-PAM customized by iThera Medi-
cal GmbH and labeled as Raster-scanning Optoacoustic
Mesoscopy (RSOM), the ultra-broadband transducer used
is tightly focused in the center frequency with a broad
bandwidth range and light is delivered via a two-arm
fiber bundle. The focused ultrasound detector is raster-
scanned across the imaging area to detect the emitted PA
signals to reconstruct an image. The wide range of fre-
quencies in the PA signals indicate that lower frequency
structures such as big blood vessels and higher frequency
structures such as small capillaries can be spatially
mapped simultaneously. RSOM is capable of resolving
the different skin layers; the uppermost consisting of epi-
dermis and the underlying layer being dermis, including
the epidermis-dermis junction residing between the two
layers [17]. Vasculature ranging from the vessels in the
vascular plexus and down to capillary loops nearby the
epidermis-dermis junctions, can be also visualized. In
addition, melanin signal intensity can be extracted
from RSOM images, correlating well with that
acquired from a clinical colorimeter [18]. Therefore,
changes in vascular structure and melanin due to skin
conditions can be studied and quantified by RSOM.
However, detecting the skin surface in RSOM images
is imperative before any vascular feature is quantified.
Efforts in automatic skin surface detection have been
reported, expediting image analysis time [19]. Optical
contrast resolving the tissue chromophores can be
achieved when the RSOM system is adapted with a
tunable multispectral laser of 460 to 650 nm, with this
specific setup called Multispectral Optoacoustic
Mesoscopy (MSOM) [20]. By resolving contrast
between Hb and HbO2, oxygen saturation (sO2) in sin-
gle blood vessels was 85 ± 4% in cutaneous vessels and

TABLE 1 Characteristics of emerging optical imaging and analysis techniques

Resolution (μm) Penetration depth

Imaging technique Photoacoustic imaging 2-200 1-20 mm

Reflectance confocal microscopy 1 (lateral), 2-5 (axial) 200 μm

Multiphoton microscopy <1 200-600 μm

Optical coherence tomography 10-15 1.5-2 mm

Spectroscopic technique Confocal Raman spectroscopy 5 (axial) 150-250 μm
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approximately 54 ± 7% in a deeper vein of the forearm
from MSOM.

2.3 | PA tomography

In PA tomography (PAT), the tissue is excited by whole-
sample illumination while the acoustic waves are simul-
taneously detected by multiple ultrasonic transducers at
multiple angles, enabling real time imaging of the skin
and faster acquisition capture. These transducers can be
architecturally arrayed two-dimensionally (2D) or three-
dimensionally (3D), granting a single plane cross-sec-
tional or 3D volumetric image in a one frame respec-
tively. For skin imaging, these transducers are mounted
in hand-held mode [21] for easier access to different parts
of the human body. Commercial PAT systems utilizing
array-based transducers are available in the market with
iThera Medical GmbH leading the pack on skin imaging,
using the Multispectral Optoacoustic Tomography
(MSOT). MSOT is a technique capable of resolving
molecular contrast and specificity by way of multispectral
illumination to discriminate specific spectral signatures
of tissue absorbers from background absorption, up to
centimeters of tissue depth [22]. Notably, PAT systems
are meant to resolve larger macro-scale skin pathologies
such as skin cancer lesions while ill-suited for high-reso-
lution imaging of smaller micro-scale superficial
vasculature.

2.4 | Skin cancer imaging

Skin cancers can be classified into three types: basal cell
carcinoma (BCC), squamous cell carcinoma (SCC) and
melanoma, whereby the first two types are together
named non-melanoma skin cancers (NMSC). Surgical
extirpation of these cancer lesions remains the typical
treatment method with Mohs micrographic surgery
(MMS) giving better esthetic results, in which the lesion
is cut in stages until no neoplastic cells are present. This
layer-by-layer removal is time-consuming and necessi-
tates esoteric competence. Therefore, there is a need for a
preoperative assessment of the lesion to determine its
extent dimensionally (width and depth) for precise
removal with sufficient allowance, decreased recurrence
occurrences and shortened excision duration. PAI can
bridge the gap in this unmet need by providing 3D spatial
map of the functional contrast in skin cancer lesions,
revealing its dimensions. As exposure to ultraviolet light
is one of the causes of skin cancers, they normally occur
on sun-exposed body areas such as the face and neck.
Notably, PAI of the eyelid skin has not been

demonstrated until Dahlstrand et al characterized
resected eyelid tissue to visualize the skin, the orbicularis
oculi muscle, and the tarsal plate [23]. The handheld pro-
bes implementation of PAI systems are necessary to
access these contoured areas. Various PAI configurations
with handheld transducer setup have been reported to
quantify the size of these in situ lesions [24–28] and ex
vivo specimens [29], which were substantiated with histo-
logical measurements of the lesion after it has been
excised for the former.

MSOT equipped with hand-held scanner was used to
acquire 3D map of NMSC in which the lesions margins
were visibly distinct from the neighboring healthy skin
due to melanin pigmentation in the NMSC on people
with higher Fitzpatrick phototype or its erythematous
appearance on people with lower Fitzpatrick phototype
[24, 25, 30]. The extent of melanin or hemoglobin signals
infiltration in both xy and z planes were quantified to
impart the lesion's dimensions and correlated well
(r =0 .9) with the dimensions obtained from histological
resections [25]. This study signifies that regardless of the
lesion's pigmentation, skin cancer lesions can be mapped
by multispectral PAI due to the unique signatures of mel-
anin and hemoglobin.

Other than 3D spatial mapping of skin cancer lesions
to determine the lesion structure, another approach of
distinguishing a specific spectral signature for SCC from
ex vivo resections to pinpoint tumor architecture and bor-
ders has been reported [31]. The spectra from the SCC
were significantly distinct from that of healthy skin in
the vicinity, for wavelengths between 765 and 960 nm
which is hypothesized to be attributed to proliferating
keratinocytes. The PA signal intensity also varied across
the tumor edge, increasing when near the tumor.

2.5 | Vasculature imaging

PAI is established in the application of vascular analysis
in tissue. Almost all skin conditions or diseases are distin-
guished by changes in vascularization remodeling or
changes in vascular function. Since PAI can be exploited
to derive useful metrics of vascular function, vascular
function could perform as a vital marker for diagnosing
and scoring a variety of skin conditions, together with
managing their treatment plans. Skin and systemic con-
ditions with characteristic vascular remodeling [32]
investigated by PAI includes angiogenesis, inflammatory
skin diseases such as dermatitis [33] and psoriasis [34],
manifestations of autoimmune diseases on the skin such
as systemic sclerosis [35, 36], rheumatoid arthritis [37]
and scleroderma [38], vascular malformations [39, 40],
allergic reactions [41] and so on to name a few. Vascular
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remodeling in these skin conditions usually results in an
increase or decrease of vascularization involving a
change in the density of vascular network and blood ves-
sel size, or vascular irregularities such as aberrant com-
plexed vascular network. Therefore, metrics to measure
the extent of vascular remodeling can be extracted and
quantified such as total blood volume, fractal number of
vascular network, density of vascular network and blood
vessel diameter. Quantifying these vascular parameters
will be a beneficial approach for assessing the progression
and extent of vascular skin conditions development and
therapeutic efficacy. Proof-of-concept clinical studies
visualizing big vasculature structures via PAT [42] and
smaller capillaries, arterioles and venules network via
PAM [43] and RSOM [44] have paved the way for PA vas-
culature imaging, allowing these metrics to be extracted
from images acquired.

Inflammatory skin diseases such as psoriasis and
eczema are usually manifestations of systemic inflamma-
tion, affecting vasculature. By visualizing the optical con-
trast of Hb and HbO2, vasculature features characteristic
to these inflammatory skin conditions can be visualized
by PAI. The skin morphology and vascular characteristics
in psoriatic skin could be observed by employing a single
wavelength RSOM system, from which inflammation
attributes were extracted and quantified [34]. Inflamma-
tion attributes such as thicker epidermis thickness, more
extended and expanded capillary loops and increased vas-
cularization in the dermis were observed by RSOM and
validated by histology biopsies. The contributions from
each visual attribute were then calculated to form a PAI-
based index which corresponded effectively with the clin-
ical scoring system, Psoriasis Area Severity Index or
PASI, that do not take into account the structural differ-
ences of psoriatic skin.

Yew et al investigated the structural and vascular
changes of moderate dermatitis upon treatment of a bio-
logic, dupilumab, by employing RSOM [45]. Similar to
psoriasis physiology, RSOM images revealed thickened
epidermis, enlarged capillary loops and dilated blood ves-
sels in dermatitis skin. A reduction of 32% in epidermis
thickness, 10% in blood volume and 26% blood vessel
diameter was observed via RSOM 4 weeks post-treatment
(Figure 1). This study showcases RSOM as an important
tool in monitoring treatments longitudinally and in
detecting vascular and structural changes that may not
be evident clinically. Similarly, vascular structures in vas-
cular malformations such as port wine stains can be dis-
cerned by PAI [39, 46]. The vascular morphology in port
wine stain lesion was observed to be aberrantly com-
plexed, denser, bigger and deeper than adjacent normal
skin. These observations were consistent with previous
histological findings of port wine stain lesions.

Apart from studying hypervascularization in inflam-
matory diseases, PAI has been exploited to assess simu-
lated vascular conditions with impeded blood flow from
arterial and venous cuff occlusion on the forearm of
healthy volunteers [47]. PAI is able to measure the sO2

level to tissues directly which is an imperative parameter
in managing peripheral vascular diseases or cardiovascu-
lar diseases. MSOT was able to monitor the hemody-
namic changes upon impeded blood blow spatially and
temporally. Upon blockage of venous drainage to mimic
chronic venous insufficiency and deep vein thrombosis,
the arterial blood flow remained unchanged thereby
increasing the forearm volume. Hence, MSOT images of
venous occlusion showed a spike in intramuscular HbO2,
Hb and total blood volume within the affected area. On
the other hand, when arterial inflow was blocked to sim-
ulate peripheral artery disease, the Hb MSOT signal
increased due to the interruption of oxygenated blood
flow in the arteries.

Vascular imaging using PAI comes with its own set of
challenges such as the steady signal attenuation with
depth due to the light dispersion and absorption in
human tissue which can affect the visualization of deeper
vessels. Furthermore, in quantifying the features of vas-
cular modeling seen in skin vascular diseases, the vascu-
lature network in the images have to be manually
segmented which is tedious and time-consuming, espe-
cially in deeper depths and large functional data sets.
Chlis et al. reported a specialized deep learning method,
the sparse UNET (S-UNET) which is the leading deep
network in image segmentation, to automatically seg-
ment vascular networks in MSOT images to address this
challenge [48]. This method was able to segment both
arteries and veins from unconstructed MSOT acquisitions
precisely, even in signal attenuated depths from images
of two wavelengths: 850 nm (maximum absorption of
HbO2) and 810 nm (isosbestic point of HbO2 and Hb). On
a pilot batch of 33 images, this approach's performance of
image segmentation or DICE score was 0.88. By overcom-
ing the limitation of signal attenuation in living tissue,
this approach may potentially allow the visualization and
segmenting of deeper vessels such as carotid artery.

2.6 | Wound imaging

Nonhealing or chronic wounds is a great healthcare chal-
lenge because there is an unmet need for a method to diag-
nose wounds before they turn chronic, and available
treatments are not guaranteed to completely heal the
wounds. As visual inspection is the standard care for stag-
ing chronic wounds, the extent of pressure damage in the
dermal region is not taken into account. PAI can be
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employed potentially to identify early stage pressure or dia-
betic ulcers and track their treatment progress. Yang et al
demonstrated the capabilities of PAI to image hemody-
namic changes in the foot on two groups of volunteers with
different age groups [49]. PAI indicated a weaker vascular
function in the older group, demonstrating PAI's value in
early detection of diabetic foot ulcers. Wang et al reported a
portable 3D PAT system that is customized for foot imaging
to study the vascular effects of chronic wounds [50]. PAI
images acquired from a diabetic patient with toe amputa-
tions presented less pronounced vascular and background
signals compared to that of a healthy volunteer, signifying
inadequate blood perfusion in the former (Figure 2).

2.7 | Collagen imaging

An emerging application in clinical PAI is the detection
of the structural protein collagen, one of the primary con-
stituents of tissue. Collagen imaging may grant easy diag-
nosis and monitoring of related diseases. However, PAI
of collagen is not well-established due to the high scatter-
ing and fluorescence characteristics of collagen in the vis-
ible wavelengths, hence requiring a tunable laser
operating above 1000 nm to detect it [51]. Collagen

exhibits a MSOT spectra peak of ~1000 nm which was
exploited as a imaging biomarker for Duchenne muscular
dystrophy (DMD) in which the muscle is transformed to
fibrous tissue whereby collagen is overexpressed
[52]. Increased mean and maximum collagen MSOT sig-
nals were detected in the biceps, flexors, quadriceps and
gastrocnemius of DMD patients in relation to that of
healthy volunteers' whereas significant decrease in Hb
and HbO2 MSOT signals were seen in DMD patients. The
visualization of muscular fibrosis transformation may
serve as an imaging biomarker for the diseases and can
evaluate progress of therapeutic interventions.

2.8 | Limitations and future directions

Evidently, PAI is invaluable in diagnosing, scoring and
managing dermatological conditions described above.
The ability to acquire point-of-care PAI images while the
patient is on their clinical visits will improve the clinical
workflow of diagnosis and help the dermatologists in
their decision making on the treatment plans. The future
directions of PAI systems should satisfy the currently lac-
king requirements to promote acceptance from clinicians
such as having a compact and portable clinical system,

FIGURE 1 RSOM images and quantification of imaging characteristics in atopic dermatitis skin. A, pre- and B, 4 weeks post-biologics

therapy. Red and green represents the larger and smaller vascular structures, respectively. All scale bars: 500 μm. C-E, Objective reduction in

epidermis thickness, total blood volume and mean vessel diameter after dupilumab treatment was observed. Reproduced with permission

ref. [45] 2019, Elsevier

6 of 23 ATTIA ET AL.



having minimal contact on the skin to expedite regula-
tion and giving easily interpretable output for clinicians.
Having a small PAI system to accommodate near-patient
settings will overcome size constraints and promote
acceptance from clinicians. Initiating these efforts, Zhang
et al reported a miniaturized hand-held PA probe with
adjustable light focusing position to image microvessels
on human lips or any narrow body parts, providing blood
vessel size and depth [53]. This system is advantageous
over conventional OR-PAM systems as acquisition time
was only 16 seconds, giving projection image of
400 × 400 pixel, spatial resolution of 8.9 μm and images
as deep as 2.4 mm. The spatial distribution of blood ves-
sels of various diameters was visualized on human lower
lip and vascular nevus on human wrist. Particularly, the
miniature probe was capable in discerning vascular pat-
tern changes in the nevus.

Conventional PAI systems require contact with the
skin, necessitating the use of coupling mediums (most
often ultrasound gel) in between the scanner and skin.
This may reduce patients' compliance, affect certain skin
conditions like open wounds and can impact continuous
therapy monitoring acquisitions. To combat this, a non-
contact PAM system coupled with optical coherence
tomography (OCT) has been reported [54], utilizing
Michelson detector to detect ultrasound. The surface dis-
placement was detected at 1325 nm while a low coher-
ence interferometer compensated for the displacement.
Although this system was tested on preclinical skin

cancer models, it has the capacity to be translatable in
the clinics. Imaging features pertaining to vascular pat-
terns, tissue morphological changes and blood flow irreg-
ularities of the tumor model were correlated with
histopathology validation and the differentiation between
benign and malignant demonstrated.

There are emerging dermatological applications
which can benefit from PAI. For example, Bolookat et al
demonstrated that tattoo inks are PA active and the
delineation of the shape of an in vivo intradermal tattoo
can be visualized by PAI [55]. PAI can potentially be
exploited in the preoperative evaluation of tattoos before
its laser removal process and in guiding the removal pro-
cess by objectively visualizing remaining tattoo inks in
the dermal region. An application of interest to the cos-
meceutical industry sector is using PAI to characterize
skin aging. Skin photo-aging was characterized by PAI in
a study, observing the dermis PA signal to increase with
aging progress [56]. As PAI is able to detect collagen
absorption, it would be of interest to noninvasively study
the effects on collagen during skin aging to evaluate the
efficacy of cosmeceutical formulations for example.

3 | REFLECTANCE CONFOCAL
MICROSCOPY

A technology increasingly being adopted in the clinics in
visualizing skin architecture is reflectance confocal

FIGURE 2 Patient results. A, Region of interest (ROI) on the foot of a 43-year-old male patient; B, depth-encoded foot vascular image

of the patient in A; C, ROI on the foot of a 61-year-old male patient; D, depth-encoded foot vascular image of the patient in C. Black boxes

indicate the ROI, red circles indicate the ulcer locations, and white double arrows show the orientation of the foot; E, schematic drawing of

the two feet, indicating different inclination angles, which affect depth encoding. Reproduced from ref. [50] 2019, AME Publishing Company

under Creative Commons Attribution 4.0 International License
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microscopy (RCM) or also known as confocal scanning
laser microscopy which employs a single wavelength
(830 nm) laser to visualize the skin components at cellu-
lar level resolutions, differentiated by their degree of
refraction [57]. RCM systems illuminate the imaging tar-
get by focused laser beam. As the photons interacts with
the target, some get backscattered due to the mismatch of
refractive index. A part of these backscattered photons
are collected after passing through a pinhole, which
selects only the in-focus light to be detected. Because
RCM removes most of the out-of-focus light from the
detection side, it achieves optical sectioning noninva-
sively [58]. Skin constituents that are vastly reflective
including melanin, collagen and keratin are visualized as
white or bright in RCM images. Since early 1990s, RCM
started to be explored in human skin imaging [57, 59–
61]. After about two decades of development, RCM imag-
ing of skin received codes for reimbursement (96931-
96936) by the US Centers for Medicare and Medicaid Ser-
vices in 2016 [62]. This milestone demonstrates that
RCM has gone further than other peer optical technolo-
gies in clinical translation.

To achieve deeper penetration in skin, RCM systems
usually use near-infrared (NIR) laser source at the range
of 700 to 1400 nm for illumination [63]. Typical RCM has
an axial resolution of 2 to 5 μm and a lateral resolution of
~1 μm [58, 64]. The practical in vivo imaging depth of
RCM is limited to about 200 μm [62]. With such resolu-
tion and penetration depth, RCM can image the epider-
mis and papillary dermis skin layers noninvasively at
cellular resolutions.

3.1 | Skin cancer imaging

The current gold standard diagnosis method for BCC is
biopsy. However, it is invasive, esthetically unpleasing
and time consuming to confirm the diagnosis of skin can-
cer by virtue of the structural features present in BCC.
RCM presents an excellent modality for the noninvasive
diagnosis of skin cancer by visualizing the cellular struc-
tures of the skin while preserving the tissue. It has been
demonstrated that RCM in the clinical and research
workflow is capable of improving the diagnostic accuracy
for melanoma [65, 66] and for BCCs [67, 68] in relation
to dermoscopic evaluations. Gonzalez et al reported one
of the first clinical studies of RCM in BCC imaging
[69]. Based on the observation of eight skin lesions in five
patients, both the standard histopathological microscopy
images and the in vivo RCM images could identify several
common features of BCC: parakeratosis, actinic changes
overlying the BCC, relative monomorphism of BCC cells,

elongation of BCC nuclei, high nucleocytoplasmic
ratios, presence of prominent nucleoli, increased vas-
cularity and prominent predominantly mononuclear
inflammatory cell infiltrate [69]. This shows that the
high-resolution acquired images from RCM are compa-
rable to that of histopathology. Similarly, RCM grants
high sensitivity and specificity compared to clinical/
dermoscopy evaluations for melanoma diagnosis
[70]. RCM has also been demonstrated to be useful in
margin mapping of BCCs in MMS procedure in which
the BCC is excised in stages [71]. MMS requires frozen
stained sections for histopathological imaging, which
could take 20 to 60 minutes per stage to verify for
tumor cell clearance. From the observations in five
patients, RCM images were highly correlated with the
corresponding histopathological images with 100%
sensitivity after excision of the first Mohs stage and
80% sensitivity after the second stage. Exploiting RCM
in MMS surgical guidance has the potential to reduce
surgery time by increasing the accuracy of margin
clearance and reducing removal of uninvolved tissue.

As expected from any modality that relies on mor-
phology-based diagnostic decisions, the interpretations of
the images acquired are subjected to interobserver varia-
tions. Notably, experience in feature identification plays a
role in achieving an appropriate level of diagnostic accu-
racy. In fact, it has been reported a minimum of 6 months
training, with daily clinical exposure for at least 3 months
to RCM and to at least 2000 RCM cases were needed for
accurate clinical decision making [72]. Interobserver vari-
ations in recognizing RCM features skin tumor lesions
were investigated in a study involving nine dermatolo-
gists evaluating 100 RCM data sets of melanocytic
tumors, epithelial skin cancers and benign non-
melanocytic lesions [73]. The selected RCM features for
each type of lesions demonstrated fair to good reproduc-
ibility among the dermatologists (κ ≥0.3). The majority
diagnosis (rendered by ≥5 of 9 dermatologists) showed
sensitivity of 100% and specificity of 80% compared to his-
topathological diagnosis. Additionally, RCM users with
more than 3 years of experience exhibited higher sensitiv-
ity than novice RCM users (91.0% vs 84.8%), while their
accuracy remained similar at ~80%. This result demon-
strates RCM's potential in its widespread implementation
in the clinical setting.

3.2 | Benign nonmelanocytic lesions
imaging

Other than imaging epithelial and melanocytic tumors,
RCM has been utilized to image benign nonmelanocytic
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lesions such as lentigines, solar lentigo or seborrhoeic
keratosis. These benign lesions can be pigmented and
can resemble malignant melanomas. RCM has the
potential to enhance the diagnostic accuracy in the
noninvasive discrimination between nonmelanocytic
lesions and melanoma to reduce burden on patients
and the healthcare system. Langley et al studied the
characteristic structural and cellular features in benign
lentigines (six cases) in comparison to melanomas (four
cases) via RCM [74]. The most noticeable feature in the
RCM images of benign lentigines is the increased den-
sity of irregular-shaped dermal papillae between the
epidermis and dermis layers, enclosed by a bright anal-
ogous layer of cells. While this feature is missing in the
images of melanomas, melanomas had atypical
melanocytic cells spreading upward from the epider-
mis. The characteristic RCM features of seborrhoeic
keratosis were also observed in comparison to
dermoscopic images [75]. The main features suggestive
of a seborrhoeic keratosis diagnosis include a uniform
honeycomb pattern at the epidermis, increased density
of irregular dermal papillae between epidermis and
dermis layers, epidermal projections and keratin-filled
invaginations on the surface among other features (Fig-
ure 3). A majority of the RCM features exhibited good
correlation with the dermoscopic observations. For
example, the epidermal projections and keratin-filled
invaginations observed on RCM images were similarly

seen on dermoscopy in the form of gyrate surface,
cysts, and comedo-like openings.

3.3 | Limitations

While in vivo RCM is the only reliable alternative avail-
able so far to replace biopsy and histopathologic analysis,
it can be time consuming to map entire margins of epi-
thelial skin cancer lesions due to the small field-of-view
(FOV). Additionally, the tissue ring attached on the skin
surface through which RCM image is captured may
reduce motion artifacts but it is inflexible and large,
preventing imaging of curved and hard to assess surfaces.
These limitations could be addressed by the introduction
of a handheld probe configuration such as reported by
Castro et al. [76] The handheld probe configuration as
compared to the traditional wide-probe configuration
was less bulky and able to image curved surfaces on the
body. This configuration reported a comparable positive
predictive value to that of the wide-probe configuration
albeit with a lower negative predictive value in the diag-
nosis of BCCs. Because the principle of RCM is based on
the detection of backscattered light of the tissue, the
images acquired are in black and white contrast which
can hinder the recognition of specific organelles and tis-
sue structures and warrant extensive training for image
recognition on the clinicians' parts. This limitation can

FIGURE 3 A, Reflectance confocal microscopy (RCM) mosaic image at upper epidermis showing epidermal projections (arrows) and

regular honeycomb pattern, correlating to focal seborrheic keratosis; B, RCM mosaic image at dermal-epidermal junction showing elongated

tubular structures (cords; thick arrows) suggesting solar lentigo. Plump, bright, nonnucleated cells within papillary dermis, correlating to

melanophages, are focally noted (arrow). Densely packed, round to polymorphous edged papillae are observed within evolving seborrheic

keratosis (arrowhead). Reproduced with permission from ref. [75] 2013, Elsevier
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be mitigated by the use of exogenous contrast agents to
enhance the contrast between the different structures.

4 | MULTIPHOTON MICROSCOPY

Wide-field epifluorescence microscopy of a biological tis-
sue produces low-resolution images, having contributions
from in-focus and out-of-focus imaging planes. In confo-
cal microscopy, the tissue fluorescence from out-of-focus
planes can be discarded using the pinhole configuration
which produces sharp, 3D volume of high-resolution
images from different stacks of imaging planes. However,
it is difficult to completely remove the contribution from
out-of-focus fluorescence light due to illumination cone.
Multiphoton (two or more) microscopy does not produce
out-of-focus fluorescence by using the nonlinear effect of
lasers and this allows submicron resolution imaging of
thick biological tissue without use of any pinhole. The
shallow imaging depth, small FOV and expensive instru-
mentation limit the use of multiphoton microscopy for
dermatology application in clinics [77–80] and thus, there
is continual efforts to make this technology suitable for
clinical application.

The first multiphoton microscopy (MPM) system was
reported in 1990 [81]. Since then, MPM has gained great
attention, especially in biomedical applications [82,
83]. It has several important advantages, including sub-
micron high spatial resolution, deep penetration
(>150 μm) and rich intrinsic contrasts of in vivo chromo-
phores [77, 82–85]. The fundamental physical principle
in MPM is the nonlinear excitation, which involves mul-
tiple photons in light-matter interactions. Different from
linear excitation which involves only single photon in
light-matter interactions, the intensity of the signals gen-
erated from nonlinear excitation is not linearly depen-
dent on the incident light intensity. In MPM, the most
commonly used nonlinear interactions are fluorescence
excitation by multiphoton absorption and second-har-
monic generation (SHG). Multiphoton absorption hap-
pens when a molecule absorbs two or more photons
simultaneously. To guarantee the multiphoton absorp-
tion, high optical power (>1 GW/cm2) has to be gener-
ated, which requires high photon density per unit area
[83]. Therefore, femtosecond lasers are the typical light
source in MPM systems. SHG is not allowed in media
with inversion symmetry, which requires the molecules
to be spatially ordered. Collagen fibers give strong SHG
signal when imaged by MPM systems.

A schematic of a typical MPM system is shown in
Scheme 1A. A femtosecond pulsed laser at NIR range is
commonly used as light source. An objective lens with
high numerical aperture focuses the incident light

spatially. A two-axis galvo mirror system drives the scan-
ning in the xy plane. The dichroic mirror and the filter in
front of the detector shall be selected based on the wave-
length range of the fluorescence signal or the SHG signal.
Because of the easy accessibility of skin, in vivo human
skin imaging was one of the first clinical applications of
MPM system [86]. Through the analysis of the fluores-
cence spectrum, NAD(P)H was confirmed as the main
source under 730 nm excitation and flavoprotein was
confirmed as the main source under 960 nm excitation
[10]. To date, the main intrinsic chromophores that can
be imaged by MPM include NAD(P)H, flavoprotein, elas-
tin, keratin, collagen, melanin, lipofuscin, porphyrins,
and so on [87].

The in vivo penetration depth of MPM could reach
200 μm contingent on the excitation wavelength and the
skin condition, through the entire epidermis and a large
part of dermis [88]. Longer excitation wavelength used in
the MPM system allows deeper penetration depth in
imaging. Because of the deep imaging penetration, high
spatial resolution and the various intrinsic contrasts,
MPM has been widely explored in dermatological appli-
cations, including BCC, malignant melanoma, skin aging
and wounds.

4.1 | Skin cancer imaging

Similar to RCM, MPM offers high spatial resolution cellu-
lar morphologic images at a relatively large penetration
range up to 130 μm for both ex vivo samples and in vivo
imaging. Validation of this technique has been reported
in the diagnosis and margin detection in BCC patients
clinically.

Kiss et al applied several image processing methods
to the fluorescence and SHG images of ex vivo samples
(10 nodular-type BCC and control skin samples each)
[89]. The images were acquired by a commercially avail-
able two-photon microscope Axio Examiner (Carl Zeiss
AG, Jena, Germany). Integrated optical density (IOD)
measurements were performed on the fluorescence
images, which suggested the BCC samples exhibited con-
siderably lower IOD than that of control healthy samples.
The collagen orientation index or COI was established
from the Fast Fourier Transformation of the SHG image,
which suggested the collagen in BCC samples was less
randomly arranged. Fiber tracking analysis indicated the
BCC samples had increased collagen fiber length than
the controls. This analysis suggested MPM could be a
quantitative imaging tool for clinical diagnosis of BCC.
Balu et al evaluated the in vivo diagnosis capability of
MPM in BCC patients [78]. An MPTflex (JenLab, Ger-
many) two-photon microscopy system was employed to

10 of 23 ATTIA ET AL.



acquire the in vivo fluorescence and SHG images of
10 BCCs from nine patients shortly before excisional sur-
gery. The MPM images were compared against the stan-
dard histologic examination. In all MPM fluorescence
images of BCCs, nests of basaloid cells appeared in both
superficial and subcutaneous dermis. In some cases, par-
allel collagen and elastin bundles surrounding the tumors
were observed as well. The main morphological findings
of MPM images in different types of skin tumors were
well summarized in ref. [90] The cellular features in
MPM images were well correlated with those in histologi-
cal images. A histopathological image of BCC and two
MPM images showing the collagen fibers surround the
BCC tumor nest are demonstrated in Figure 4 [90].

Malignant melanoma, also known as melanoma,
develops from the pigment-containing cells melanocytes.
It is the most serious type of skin cancer as it metasta-
sizes. Early diagnosis is the key for successful treatment
of melanoma. Although the current gold standard diag-
nosis method is biopsy and histopathologic examination,
MPM offers a noninvasive and fast way for melanoma
screening. Balu et al applied a clinical MPM system
(MPTflex from JenLan, Germany) for in vivo imaging of
melanocytic nevi at 3 stages: normal nevi, dysplastic nevi
and melanoma [91]. The images were analyzed both
qualitatively and quantitatively. Comparing with the nor-
mal nevi, images of the dysplastic nevi have at least one
of the following features: enlarged nuclei size, dense dis-
tribution of nevus cells in the basal layer, thickening of
epidermis, occasional presence of melanocytes in the

stratum spinosum and irregular distribution of nevus
cells in the epidermal-dermal junction. Melanoma how-
ever appeared as melanocytic dendrites in the epidermis,
and irregular arrangement of melanocytes in the basal
layer. Besides the morphologic analysis, a multiphoton
melanoma index (MMI) for melanoma diagnosis was
developed based on the 3D images of the fluorescence,
SHG and morphology features. The MMI could be used
to quantify the information of the MPM images.

4.2 | Imaging skin aging

When people become aged, the skin will become
rougher, more fragile and more easily bruised due to the
thinning of the blood vessel walls. The content of colla-
gen and elastin in the dermis will decrease as skin ages.
Skin aging has become a serious clinical and cosmetic
problem for modern people, rendering the demand for a
quantitative tool to assess aging skin. Lin et al proposed a
SHG to autofluorescence aging index of dermis (SAAID)
to quantify skin photoaging [92] based on in vitro facial
skin samples from three patients aged 20, 40 and 70 years
old. To address some of the limitations of SAAID,
Puschmann et al developed an elastin-to-collagen ratio
(ELCOR) [93]. Forty-five healthy female subjects (15
young, 15 middle-age and 15 older volunteers) were rec-
ruited for in vivo MPM imaging on the forearm. ELCOR
was found to be more robust than SAAID in that study.
Miyamoto et al applied in vivo MPM imaging (MPTflex,

SCHEME 1 Schematic of a A, multiphoton microscopy system and a B, confocal Raman spectroscopy system
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JenLab, Germany) in a group of 80 healthy females aged
from 21 to 68-year-old [79]. The amplitude of the fluo-
rescence signal of NAD(P)H was found to be correlated
with age significantly. Comparing with the oldest group
(females in their 60s), the youngest group (females in
their 20s) had a significantly higher NAD(P)H value.
The result suggested decreased production and/or
increased degradation of NAD(P)H in aged skins. The
NAD(P)H could be a good biomarker for in vivo detec-
tion of skin aging. Pittet et al applied MPM fluorescence
and SHG imaging in two groups (28 ± 9 years and 54
± 11 years) of healthy female volunteers with 30 volun-
teers in each group [92]. The content of collagen (88.0
± 2.9 young vs 78.9 ± 1.9 aged) and elastin (109.5 ± 3.9
young vs 92.4 ± 3.3 aged) in the superior dermis were
found to be remarkably less in the aged group than that
in the younger group, suggesting the change of bio-
chemical composition of the dermis with aging.

4.3 | Wound imaging

Chronic wound is becoming a serious problem for the
public healthcare system. It affects up to 2% of the total
population in the world [94]. Chronic wound is diffi-
cult to monitor and assess because of the lack of

accurate biomarkers. MPM offers fluorescence images
of FAD and NADH, which can be used to initiate a
redox ratio spatial rendering of the wounded tissue
cells. The metabolism assessment of the wound tissue
could be a good indicator of wound healing. Jones et al
used MPM system to monitor the longitudinal meta-
bolic changes in the wound tissue [95]. The epithelial
redox ratios in both the diabetic and control groups
dropped in the first 5 days followed by an increase
starting from Day 7. However, the diabetic group
showed a significant lower redox ratio value than the
control group since Day 7. The result suggested the
diabetic condition delayed the recovery of metabolism
rate in the wounded tissue. The epithelial redox ratio
was found to be related with the keratinocyte prolifer-
ation as well.

4.4 | Future directions

Although MPM has the advantages of high spatial resolu-
tion and relatively deep penetration, the FOV of conven-
tional MPM system is limited (typically within 1 × 1 mm)
[96]. It is not enough to cover a typical normal skin
lesion. One future direction for MPM system will be
extended FOV with fast scanning capability. Another

FIGURE 4 A, A typical

histopathological image of BCC. B

and C, MPM fluorescence (green)

and SHG (blue) images along

different depths of BCC tumor

demonstrating the collagen fibers

surrounding the BCC tumor nest.

Reproduced from ref. [90] 2019,

Higher Education Press and

Springer Science+Business Media

under Creative Commons

Attribution License (CC BY)
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future direction for MPM is to be used together with
other imaging modalities to provide complementary
information. Multimodal imaging approach provides
multiple dimensional information of the targeting tissue,
which will increase the diagnosis accuracy. MPM has
been combined with spatial frequency domain spectros-
copy or SFDS for skin melanin concentration and thick-
ness assessment [97]. These two imaging modalities
provided images at very different spatial scales, but the
results of melanin concentration and melanin layer thick-
ness correlated well.

5 | OPTICAL COHERENCE
TOMOGRAPHY

Optical coherence tomography (OCT) is a noninvasive
optical imaging modality widely used for eye and skin
imaging since first introduced by Huang et al [98] which
grants live 3D in vivo imaging and deep penetration
depth by employing light backscatter from infrared light
[99]. An ideal modality for skin imaging must be real-
time, noninvasive and should have high imaging resolu-
tion to formulate a diagnosis without skin biopsy for its
clinical translation. OCT as a clinical imaging modality
has attributes such as high scanning speed, large FOV,
high axial and lateral resolution etc. that sets it apart
from its competitors for imaging skin cancer, skin inflam-
matory conditions and dermatological drug interventions
in terms of morphological and structural changes
beneath the skin surface up to 1 mm depending on the
scattering properties of the tissue and accepted loss of res-
olution. Recently, there has been efforts to mitigate this
limitation for OCT technology by detecting the blood
flow in vivo and visualizing skin vasculature as
well [100].

OCT involves an optical reflection from scattering
media (ie, biological tissue) below skin surface when it is
irradiated with the low coherence optical source to pro-
duce 2D cross-sectional image of internal tissue micro-
structures. In general, low coherence property of the light
source allows for delay in the time taken for light to
travel from reflective sites and backscattering from tissue
under interrogation. This delay in traveling time of an
optical signal is used to evaluate the longitudinal location
of the scattering site within the sample. Similar approach
is repeated at series of lateral locations within the scatter-
ing sample to generate the two-dimensional cross-sec-
tional map of scattering sites. As opposed to the optical
confocal microscopy where axial resolution is limited by
microscopic objective, the longitudinal resolution of OCT
is restricted by the distance in which coherence of the
light source used is maintained. Hence, OCT grants high

depth resolution useful for in vivo skin imaging. A typical
OCT imaging system allows for resolution of 10 to 15 μm
with an imaging depth varying between 1.5 and 2 mm.

Since OCT is a noninvasive imaging technique and
produces real-time high spatial resolution images of bio-
logical tissue, its applications in dermatology is inevita-
ble. OCT has been widely explored for its applications
in skin cancer imaging, vascular imaging, skin aging etc.
In the sections below, a recent review of OCT technology
in these application has been presented.

5.1 | Skin cancer imaging

Welzel et al first investigated the potential of OCT in der-
matology [101]. Cross-sectional images from various
region of human skin such as fingertip and forearm skin
depicting stratum corneum, the epidermis and superficial
dermis are compared to corresponding histologic sec-
tions. Other skin conditions such as lentigo maligna mel-
anoma and experimental blisters are also studied. It has
been concluded from this study that OCT is superior to
other imaging techniques, that is, confocal microscopy
and ultrasound imaging because it can image deeper
within biological tissue without losing imaging resolu-
tion. Premalignant such as actinic keratosis due to sun
ultraviolet damaged skin are common in the west side of
the world and could lead to SCC if left untreated. Barton
et al performed a pilot study using OCT to understand
morphological alterations in skin layers due to sun expo-
sure. It has been studied that sun damaged skin show
uneven stratum corneum with increase in average thick-
ness > 80 μm and greater attenuation of an incident light
[102]. Gambichler et al conducted prospective clinical
study that included 92 melanocytic skin lesions 52 benign
nevi and 40 malignant melanoma) from 75 patients and
validated distinctive OCT features of malignant skin
lesions with histopathological findings [103]. Mogensen
et al studied 176 NMSC lesions from 104 patients using a
polarization-sensitive OCT giving 79% to 94% sensitivity
and 85% to 96% specificity in distinguishing healthy skin
from lesions [104]. It has also been established that the
depth of NMSC can be successfully measured using OCT
which is useful for diagnosis and biopsy. Though, with
these clinical studies it has been concluded that actinic
keratosis and BCC cannot be differentiated with OCT
imaging and that OCT diagnosis of NMSC is not better
than clinical diagnosis through naked eye [105].
Gambichler et al performed a multicenter clinical trial
using high-definition OCT to differentiate cutaneous mel-
anoma and melanocytic naevi resulting into moderate
diagnostic performance with sensitivity of 74.2%.
Although, with improved resolution from high-definition
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OCT could identify architectural patterns; its perfor-
mance is reported inferior to RCM which can differenti-
ate between benign and malignant melanocytic skin
lesions with sensitivity of 88% to 98% [106].

With the onset of high-speed swept optical sources,
recently OCT is strengthened to capture skin sub surface
structural and microvasculature information and hence
differentiate cancer lesions. Blatter et al reported a high-
speed swept source OCT system that performs at
1310 nm central wavelength and 140 nm bandwidth with
220 kHz A-scan rate. It allows free-of-motion distortion
in vivo microvasculature skin imaging employing an
extended focus OCT for enhanced depth of focus based
on Bessel beam illumination. Skin inflammation condi-
tion and BCC is studied using this OCT imaging system
to conclude that in case of skin inflammation there has
been an increase in blood perfusion; whereas, in case of
BCC, due to metabolic demand there is an increase in
chaotic and denser vascularization [107]. Boone et al in
their pilot study used high-definition OCT for its ability
to in vivo image melanocytic lesions with the lateral an
axial resolution of <3 μm up to depth of 570 μm below
skin surface. It was observed that the cross-sectional HD-
OCT images of melanocytic nevi corresponded well with
histopathologic characteristics [108]. Ulrich et al intro-
duced dynamic OCT based on speckle variance that
allows an in vivo evaluation of blood vessels providing
additional functional information to the structural vascu-
lar network within NMSC [100]. With further increase in
OCT imaging resolution, skin morphology and vascula-
ture of different tumor types such as BCC, actinic kerato-
sis and melanoma can further advance diagnostic value
of OCT albeit RCM has demonstrated superior sensitivity
as studies suggest [109].

5.2 | Skin inflammatory conditions

Skin inflammatory conditions such as psoriasis and
atopic dermatitis are chronic diseases and results into
skin hydration, epidermis thickness and thickening of
dermis blood vessels. Subjective scoring method based on
the skin redness, itching and clinician's naked eye assess-
ment etc. is used as a measure of severity for these
inflammatory skin condition and thus, there is a need of
an objective method to measure severity of inflammation
by imaging skin morphology and vasculature. Welzel
et al used OCT to visualize changes in the skin morphol-
ogy due to contact dermatitis and psoriasis. Difference in
epidermis thickness and optical density of dermis are
measured as characteristics of these inflammatory condi-
tion [110]. High resolution skin angiography using OCT
enables visualization of three dimensional vascular

network has further helped the diagnostic accuracy of
skin inflammatory conditions. This has brought another
dimension to high resolution OCT skin morphology
imaging by adding blood flow measurement in the small
capillary vasculature [107, 111, 112]. Deegan et al studied
skin structural as well as functional changes in multiple
skin inflammatory dermatologic conditions such as psori-
asis, chronic graft-vs-host-disease (cGvHD) and sclero-
derma using an OCT angiography system having lateral
and axial resolution of 10 and 5 μm, respectively within
10 × 10 mm FOV [113]. A more detailed clinical study by
Byers et al on AD using OCT angiography verifies
changes in epidermal thickness as well as the vascular
changes in deep dermis which together could be a poten-
tial biomarker for quantifying AD severity. Other imag-
ing metrics in terms of capillary loop depth, superficial
plexus depth and epidermal-dermal junction depth are
developed to quantify AD severity [114].

5.3 | Imaging skin aging

Study of skin aging has been of great interest for cosme-
ceutical applications. Visualization of skin morphology in
terms of different skin layers and epidermal-dermal junc-
tion, an important factor for skin aging quantification,
can be accomplished by noninvasive, high resolution
OCT. A clear distinction attributed to epidermal thinning
and leveling of epidermal-dermal junction has been
established between two age groups (young: 19-24 and
older: 54-57 years) by Neerken et al. [115] Trojahn et al
studied the skin morphology in the body areas frequently
exposed to and protected from the sun by utilizing OCT.
In this validation study it has been found that imaging
parameters such as stratum corneum reflectivity, papil-
lary dermal reflectivity and epidermal-dermal contrast
other than epidermis thickness are easy to quantify skin
aging [116]. In a pilot study conducted by Boone et al
using a HD-OCT, skin aging morphological changes due
to intrinsic chronological factors has been studied
[117]. Women subjects with three different age groups
(young: 20-39, middle: 40-59 and older: 60-79 years) were
recruited. Bearing a high axial resolution of <3 μm in
HD-OCT, it has been validated that the reflectance inten-
sity and epidermal-dermal junction flattens out with
increase in chronological aging (Figure 5).

5.4 | Future directions

OCT has been widely used for retinal imaging and
accepted in clinical community for its higher axial and
longitudinal resolution. With advanced changes in the
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OCT imaging technology such as dynamic real-time
acquisition and high cell-level spatial resolution, it allows
the capture of skin morphological, capillary-level blood
flow and dermis vascular network information. As OCT
offers precise noninvasive depth characterization up to
1 mm deep, it has the potential to streamline dermatolog-
ical care by improving diagnosis and reducing number of
biopsies.

One of the possible future direction for OCT technol-
ogy is its implementation as an imaging tool in clinics for
stratification of different kinds of skin cancer lesions such
as actinic keratosis, BCC and melanoma with high sensi-
tivity and specificity. This is possible due to high resolu-
tion skin morphology and vasculature network imaging
that are specific imaging biomarkers for cancer diagnosis.
The cosmeceutical industry may be another possible

avenue whereby OCT can add value to as there is need to
visualize the structural changes beneath skin surface
such as erythema, blood vasculature in deep dermis or to
study skin hydration with topical drug administration.

6 | CONFOCAL RAMAN
SPECTROSCOPY

Raman spectroscopy is a well-established analytical
method by which molecular identification data is
achieved through inelastic light scattering since its dis-
covery by Raman in 1928 [118]. When an electromag-
netic wave interacts with matter, part of the incident
wave is deflected from its original direction, resulting in
scattering. There are two scattering modes; in which

FIGURE 5 HD-OCT dermal

ultrastructural and microvascular

features of papillary dermis in

women of three different age groups;

young women, A-C, middle-aged

women, D-F, older aged women, G-

I. Epidermal thickness decreases

with age. Fibers get thicker, longer

and straighter with congregations in

few directions with age. Capillary

bed area decreases with age.

Reproduced from ref. [117] 2015,

Springer under Creative Commons

Attribution 4.0 International License
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majority of photons are scattered in the elastic mode ter-
med Rayleigh scattering; whereas a minute portion
(about 1 in 10 million) of the photons undergo inelastic
scattering also known as Raman scattering. Raman scat-
tering can be further classified into Stokes scattering
whereby the photons shift to a lower energy state and
anti-Stokes scattering whereby they shift to a higher
energy state. In the Stokes scattering event, the energy
drop of the scattered photons is absorbed by the mole-
cules as their vibrational motion while in anti-Stokes
scattering, the molecules lose energy to the scattered pho-
tons. The exact energy exchange hinges on the mass of
the vibrational atoms and the nature of the chemical
bonds between them. Raman spectroscopy probes the
vibrational and rotational motion of molecules arising
from the inelastic light scattering while providing an
intensity profile of scattered light in relation of frequency.
In addition, Raman scattering is a linear action in which
the quantity of the scattered photons is proportional to
that of the molecules that underwent energy exchange.
As a result, the intensity of the characteristic Raman
band is proportional to the concentration of the
corresponding molecules. By correlating directly to the
species and number of the molecules irradiated, a Raman
spectrum's intensity and shape provides quantitative
chemical identity of interrogated molecules, also known
as the molecular fingerprint. Thus, Raman spectroscopy
provides noninvasive real-time tissue composition at a
molecular level.

A typical Raman spectroscopy instrument comprises
of three main parts, an irradiation coherent light source,
a collimation optics and a filtering optical system
attached to the receiving sensor (Scheme 1B). A continu-
ous wave laser is typically used as the illumination supply
in modern Raman instruments as it is monochromatic
and directional. The laser beam for Raman excitation is
focused onto the center spot of a focal plane to interact
with the sample of interrogation. The optical system
focuses the light to an interrogation spot and at the same
time collects the photons scattered from it, through opti-
cal filters to remove Rayleigh scattered photons and any
unwanted bands. Finally, the receiving sensor detects the
scattered photons in terms of wavenumber shift and the
corresponding intensity with CCD arrays equipped with
optical gratings currently the most popular dispersive
detector for simultaneous efficient detection of weak
Raman scattered photons.

In noninvasive dermatological applications, the spa-
tial resolution in the z axis is essential to provide depth-
resolved biomolecular information through the epidermis
and dermis layers of the skin. To achieve good axial reso-
lution, an optical fiber can be introduced to the optical
system for confocality. The scattered light after being

collected through the microscopic objective from the
sample can be projected onto the core of the fiber. The
core then behaves as a pinhole to filter out photons
which were not scattered from the area where the inci-
dent laser is focused. A Raman system with this fiber
component is said to be confocal where the focus of the
scattered light and the incident laser coincide.

While the previous modalities described above pro-
vide visualizations of skin morphology, confocal Raman
spectroscopy is a valuable approach to investigate the
depth-resolved biomolecular skin constituents noninva-
sively up to 150 to 250 μm depth with less than 5 μm
axial resolution. Raman spectroscopy has been widely
used to study the molecular composition of biological
samples and recently exploited in clinical dermatology to
investigate skin conditions such as inflammatory skin
diseases [119] and BCC [120]. With the introduction of
confocal Raman spectroscopy [121], different skin molec-
ular constituents such as natural moisturizing factors
(NMF) [122], lipids [123], proteins [124], nucleic acids
[123], water [125, 126] and so on. concentration profiles
can be mapped with respect to depth from skin surface.
Confocal Raman spectroscopy has been exploited to
investigate a number of conditions such as skin inflam-
mation, skin cancer, aging skin, dermal drug delivery
and so on. With the help of advanced chemometrics
methods and machine learning algorithms, there has
been a surge in applications of confocal Raman spectros-
copy applications as these methods facilitate to interpret
complex Raman data in terms of change in skin constitu-
ent concentrations. Confocal Raman microscopy has a
major limitation in terms of depth interrogation since it
is limited by the photon scattering from superficial tissue;
though, it can help as an additional noninvasive molecu-
lar characterization modality to other high-resolution
imaging tools such CRM or OCT and so on.

6.1 | Inflammatory skin conditions
spectroscopy

The uppermost layer of the skin, stratum corneum,
resists water loss from inside the body and acts as a bio-
logical barrier against chemical and biological substances
from the external environment through the skin barrier
function consisting of lipids, proteins, nucleic acid and so
on. The skin barrier lipids including ceramide, free fatty
acids and cholesterol form a multilamellar lipid mem-
brane around corneoocytes. Any dysfunction of the skin
barrier function leads to changes in the molecular com-
position of the stratum corneum. Inflammatory skin dis-
eases such as psoriasis and eczema not only change the
dermis vasculature underneath the skin as discussed
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above, but can also affect the stratum corneum in the epi-
dermis. Moisture level, lipid composition, pH and other
parameters can behave differently in inflamed lesions
compared to healthy skin. Quantifying these parameters
can act as an objective assessment tool for inflammatory
skin diseases as standard clinical diagnosis relies heavily
on dermatologists' visual assessments and questionnaire,
which suffers from subjectivity and inconsistency. Confo-
cal Raman spectroscopy has been employed extensively
in studies of skin composition and thereby inflammatory
conditions. Numerous studies have found changes of
water content, ceramide, urea, urocanic acid in the
inflammed lesion areas [127–133]. For instance, Egawa et
al reported a lower water content, NMF, trans-urocanic
acid, and ceramide III levels in involved skin due to the
disruption in filaggrin degradation pathway in psoriatic
skin [128]. Upon treatment intervention, the NMF and
ceramide levels in involved skin returned to that of uni-
nvolved skin. By studying the Raman signature spectra of

NMF in the stratum corneum, O'Regan et al reported a
Raman-based marker to discriminate between the
filaggrin genotypes in patients with atopic dermatitis
[132]. Therefore, these Raman spectroscopic patterns of
healthy and inflamed diseased skin can serve as a tool for
characterizing and classifying the conditions.

Ho et al reported a first-of-its-kind confocal Raman
spectroscopy system with a handheld probe to quantify
the concentration of NMF in dermatitis skin [133]. The
confocal Raman spectroscopy system was utilized to mea-
sure the biochemical components (water, ceramide and
urocanic acid) of forearm skin at 785 nm up to a depth of
�100 μm in 30 atopic dermatitis patients and 14 healthy
volunteers after which machine learning was used to
classify between them (Figure 6). From this, a new metric
index, Eczema Biochemical Index (EBI) was devised to
quantitatively classify the severity of dermatitis. Dermati-
tis patients exhibited lower relative concentrations of
water, ceramide, and urocanic acid by 51%, 38% and 52%,

FIGURE 6 A, Raw Raman spectrum of the skin (blue) and the linear least squares fitted spectrum (red) to allow for unmixing into its

constituents' individual contributions. B-D, Dermatitis patients exhibited lower relative concentrations of water, ceramide, and urocanic acid

by 51%, 38%, and 52%, respectively compared to the healthy controls. Reproduced with permission from ref. [133] 2020, Elsevier
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respectively compared to that of healthy controls. Classi-
fication between healthy and dermatitis was achieved
with an accuracy of 0.841, and with high sensitivity and
specificity of 0.857 and 0.833, respectively. Classification
of disease severity was demonstrated, showing a 37% dif-
ference in EBI score between mild and moderate severity
while moderate and severe dermatitis yielded a 61% EBI
score disparity. The reported handheld configuration of
confocal Raman spectroscopy could serve as a valued
point-of-care and bedside tool in studying dermatitis and
other skin conditions.

6.2 | Skin cancer spectroscopy

Conventional practice discriminating between benign
and types of skin malignancies rely on histopathology
analysis on biopsy samples. The invasive procedure is
time-consuming and invasive in nature. The accessible
nature of the most skin lesions means that they are best
suitable for optical diagnostic methods including not only
PAI mentioned earlier but also Raman spectroscopy.
Early investigations based on Raman spectroscopy analy-
sis were focused on ex vivo skin cancer samples with
reported correlation between histopathological analysis
of morphology and their Raman spectra [120,
134]. However, a paradigm shift in current approaches
is toward in vivo analysis in real time, made possible by
confocal Raman spectroscopy due to the stratified anat-
omy of the skin. Lieber et al reported using a confocal
Raman spectroscopy system with a handheld probe to
pathologically classify inflamed scar tissue, BCC and
SCC. The overall accuracy was 95% on 42 samples with
100% sensitivity compared to histopathological biopsy
validation [135]. Lui et al reported using a nonconfocal
Raman system to discriminate eight types of skin can-
cers based on the relative intensities of different Raman
peaks in the skin lesions and subsequent analysis by
principal component with generalized discriminant
analysis and partial least-squares. The sample size was
relatively large at 518 (from 451 patients). The interfer-
ence from upper skin was minimized by calibrating the
data taken at the lesion against that from healthy skins
within 5 cm of the lesion border [136]. Zhao et al
reported real-time analysis of 645 cases using a non-
confocal Raman spectroscopy system using multivariate
data analysis, giving an overall accuracy of 89.4%
[137]. While Raman spectroscopy has the potential to
lower the number of unnecessary biopsies by aiding in
clinical decisions, its clinical adoption seems to be slow.
The challenge lies in the instruments' robustness, cost,
cross-device consistency, data processing standardiza-
tion and spectra library [138].

6.3 | Cosmeceutical applications

The physiological hydration state of the skin in both
superficial and deeper layers is an important marker in
the skin care industry as it affects skin barrier function
and penetration and permeation of molecules through
the barrier. By monitoring the penetration behavior of
molecules of interest with and without presence of pene-
tration enhances, the uptake of skin product formula-
tions can be optimized. Tippavajhala et al demonstrated
using confocal Raman spectroscopy to evaluate the in
vivo efficacy of commercial moisturizing products on ski
hydration for a period of 30 days [139]. Water content
and NMF levels in the skin were used as quantifiable bio-
markers to reflect skin hydration. They demonstrated
that out of the four commercial moisturizer products, not
all of the products hydrate the skin to acceptable levels
and the extent of hydration varied with duration of appli-
cation. The same team also evaluated the in vivo penetra-
tion of sunscreen products and discovered that these
were restricted to the stratum corneum [139]. Dos Santos
et al investigated the penetration of Vitamin A and E
derivatives in young and elderly skin up to 24 μm deep,
and observed that both compounds have a higher rate of
penetration in younger skin [140]. Davies evaluated the
effect of cleansing products on the skin by using confocal
Raman spectroscopy to investigate product deposition,
lipid acyl chain structure disordering and disturbances in
skin components [141]. Bielfeldt et al investigated the
hydration efficacy of a lip care product by using confocal
Raman spectroscopy to measure the water content at var-
ious depths of the lip stratum cornea [142]. This study
was particularly interesting because it investigated lip
stratum corneum where other in vivo studies using confo-
cal Raman spectroscopy typically targeted the hands or
the forearm region. Although the article did not com-
ment on the operational complexity of using a benchtop
confocal Raman spectroscopy device, it can be imagined
that accessing the lip skin might be more cumbersome
than placing the hand or the forearm onto the optical
window.

6.4 | Limitations and future directions

It is evident confocal Raman spectroscopy has demon-
strated its potential in skin disease diagnosis, assessment
and therapy monitoring. One observation is that many of
the above reports used microscope-based Raman instru-
ment on benchtop configurations such as the commercial
confocal Raman spectroscopy system gen2-SCA from
River Diagnostics. This configuration may be sufficiently
applicable to easily accessible body regions such as hands
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and forearms but is limited in its flexibility, assess and
utility for other parts of the body such as the scalp, the
lip or the feet. Pudney et al reported a Raman probe to be
attached to a benchtop confocal Raman spectroscopy sys-
tem and demonstrated a few applications [143]. While it
was a notable attempt of bringing the technology to
assess more body regions, a more elegant approach might
be needed before its clinical adoption to ease the clinical
workflow. Ho et al reported a first-of-its-kind confocal
Raman spectroscopy system with a handheld probe for
easy maneuvering yet with comparable sensitivity and
accuracy as benchtop systems [133]. More studies on a
wider range of skin applications could be seen in the
coming years using similar handheld micro-spectroscopy
systems. Another potential hurdle is the lack of algorithm
consensus and easily interpretable readout. Clinicians
need a simple way to interpret the data preferably one
they are familiar with, such as a scoring index. With so
many parameters measurable by Raman spectroscopy,
there needs to be a robust and well-received way to pro-
cess and present the most influential parameters in an
index.

Since the advent of in vivo confocal Raman spectros-
copy method decades ago, its application in skin has been
very well established due to its noninvasiveness and the
plethora of molecular information that it provides such
as water content, ceramide, NMF and many other lipids.
A majority of the reports, however, reported information
that are semiquantitative or qualitative. Caspers et al
reported a method built on spectral fitting of the skin
Raman spectrum with that of inherent skin components
and the spectrum of the material to be examined to fully
quantify confocal Raman spectroscopy data in 2019 [144].
This will open many doors for in vivo confocal Raman
spectroscopy applications and push the quality of data to
new levels ready for clinical use.

An emerging clinical application of confocal Raman
spectroscopy is measuring systemic biomolecules levels
in the skin which could potentially act as surrogate
markers for disease for example, a skin reservoir of urea
is an indicator for chronic kidney disease. Wascotte et al
made use of confocal Raman microspectroscopy to moni-
tor urea depletion in the epidermis during iontophoresis,
in which a voltage gradient is applied on the skin to
increase its permeability [145].

7 | OTHER EMERGING TRENDS

The up and coming trend in imaging and analytical tech-
nologies is funneled into miniaturization and making
them low-cost and sustainable. Smartphone devices have
emerged to become an ideal contender that fulfills both

characteristics in the application of point-of-care clinical
use. Smartphones are ubiquitous, portable, possess high
connectivity and functionality; thus holding the potential
in equalizing and regionalizing quality health care.
Smartphone-based assessment can aid clinicians and
practitioners in fast decision making to treatment plans
even in rural or low resource settings. Optical techniques
mainly form the basis in smartphone-based imaging and
sensing approaches. Numerous in vivo imaging and
quantitative assessment means for smartphone-based
devices have been reported, including autofluorescence
imaging [146], hyperspectral imaging [147], modified
spectrally encoded confocal microscopy [148], multispec-
tral imaging [149] and NIR imaging [150]. By taking mul-
tispectral images of the skin, chromophore maps can be
generated showing the snapshot spatial locations of tissue
components such as melanin, HbO2, and Hb of in vivo
skin, from which the chromophores can be quantified
relatively for effortless and fast assessment of pathology
severity, prognosis and therapy progress. For example,
Kaile et al reported a smartphone-based multiwavelength
NIR imaging tool to quantify sO2 level to assess wound
healing status as oxygen supply to wounds is critical for
complete healing [150]. The device was capable of
granting spatial maps of tissue oxygenation on diabetic
foot ulcers and the neighboring tissue which can aid in
assessing the wound healing status.

With 3D imaging being made possible with the
abovementioned technologies, the images acquired
become complex and data rich, necessitating a middle
man to analyze the images for clinicians. Artificial intelli-
gence (AI) would be a boon in image analysis to give eas-
ily interpretable output to aid clinicians in decision
making, scaling imaging toward wide clinical impact. AI
models using deep learning frameworks are able to recog-
nize patterns and features after being trained using huge
numbers of images and data, from which the characteri-
zation of atypical findings are identified. PAI [151], RCM
[152], MPM [153] and OCT [154] combined with deep
learning based image analysis methods in dermatological
applications have been reported for automatic classifica-
tion of skin conditions (healthy vs disease) or automatic
segmentation of morphological structures such as skin
layers or vascular networks. This can aid in the automatic
quantification of morphological skin parameters which
are used as surrogate biomarkers of skin conditions. AI
also makes it possible to grant high quality PAI images
even with detectors comprising minimal sensors, thereby
making the PAI systems potentially low-cost, acquisition
times faster while improving diagnosis [155].

Integrated biophotonics and AI also play prominent
roles in one of the major emerging trends seen in the cos-
meceutical and beauty industry; hyperpersonalization of
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personal care products by using collected data and cus-
tomer input to create tailor-made products for the indi-
vidual customer [156]. Parameters such as the
individual's skin hydration and oil levels, wrinkle extent
and depth, lingering pigmentation below the skin surface
are just some of the measurements that could be acquired
from biophotonic modalities. Machine learning with
human expertise are then used to analyze the data and
learn the individual's real-time needs to provide
corresponding guidance on the appropriate products to
be used. A motivating example of such data-driven prod-
ucts is L'Oréal's Perso, which is a device that uses AI to
create customized skincare, liquid lipstick, and founda-
tion from data collected from the individual including
individual's skin type, environmental factors and cus-
tomer input on preferences [157].

8 | CONCLUSION

In summary, a variety of state-of-the-art imaging and
spectroscopic technologies have been reported in derma-
tological applications ranging from skin and vascular
conditions and disorders. These modalities offer images
of different depths and resolutions and thus are suited for
different specific applications and be complementary to
one another. For example, Raman spectroscopy excels in
elucidating tissue biochemical composition but is limited
to point-wise measurements and can benefit from the
imaging modalities that grant spatial extent of disease of
interest. While these technologies show tremendous
potential in their utility and what they can offer synergis-
tically, their integration in the clinical workflow is still
far in the future. Large cohort and multicenter clinical
studies have to be executed to ensure these technologies
can streamline critical response protocols, refine clinical
decisions and reduce medical misdiagnosis. The technol-
ogies also have to be adapted to patient care teams for
ease of use, fast and uncomplicated readout and
implemented for real-time bedside monitoring.
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