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Abstract: Background: Optical coherence tomography (OCT)
is a revolutionary imaging technique used commonly in oph-
thalmology, and on the way to become clinically viable alterna-
tive in dermatology due to its capability of acquiring
histopathology level details of in vivo tissue, non-invasively. In
this study, we demonstrate the capabilities of OCT-based
microangiography in detecting high resolution, three-dimen-
sional structural, and microvascular features of in vivo human
skin with various conditions.

Methods: A swept-source OCT system that operates on a
central wavelength of 1310 nm with an A-line rate of 100 kHz
is used in this study. We apply optical microangiography
(OMAG) technique to visualize the structural and microvascu-
lar changes in tissue.

Results: OMAG images provide detailed visualization of func-
tional microvasculature of healthy human skin from cheek and

forehead areas, abnormal skin conditions from face, chest and
belly. Moreover, OMAG is capable of monitoring the progress
of wound healing on human skin from arm, delivering unprece-
dented detail of microstructural and microvascular information
during longitudinal wound healing process.

Conclusion: The presented results promise the clinical use of
OCT angiography, aiming to treat prevalent cutaneous dis-
eases, by detecting blood perfusion, and structural changes
within human skin, in vivo.
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HE VISUAL input has been the most impor-
tant information for dermatologists in clinic.
Typical diagnostic steps used in clinics (1) are
following: (i) recognition of patterns in the cuta-
neous tissue; (ii) study of the patient history;
and (iii) analyses of tissue histopathology in
laboratory through biopsy, if necessary. Because
of its invasiveness and inconvenience, the skin
biopsy is usually not desirable if not necessary.
Hence, the first step of visualization of the skin
is a key to a comprehensive examination and
accurate diagnosis. This approach is still com-
monly used by visual inspection of dermatolo-
gist using a magnified glass under ‘cold light’,
relying heavily on subjective assessment.
Recently, emerging non-invasive imaging
methods such as dermoscopy (2), confocal
microscopy (3), and high-resolution ultrasound
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imaging (4) offer a comprehensive set of tools
that dermatologists can utilize for state-of-the-art
patient care. Dermoscopy is the most popular
imaging tool used in practice. It provides magni-
fied images of skin up to papillary dermis (D)
using high-resolution prismatic loupes and a
camera. It is typically used after the application
of water drop with a faceplate to increase light
penetration into tissue. Unfortunately, it only
provides two dimensional images. On the other
hand, the higher resolution (~1 um), three-di-
mensional images of skin up to ~150 pm depth
can be acquired using confocal microscopy.
High-resolution ultrasound imaging can pene-
trate deeper into the tissue, but usually cannot
provide adequate resolution for accurate quanti-
tation. However, it can be useful in detecting
abnormalities in the deeper layers of the skin,
which would not be possible with the previously
mentioned methods. Still, an alternative non-in-
vasive imaging technique with both high-resolu-



tion and good penetration depth capabilities
would be instrumental in dermatology clinics.

Optical coherence tomography (OCT) is an
emerging technology that is currently popular
in clinical ophthalmology. It is a real-time, non-
invasive 3D imaging tool capable of producing
morphological images of tissue microstructures
in vivo with a millimeter range field of view
and a micron-level resolution similar to histol-
ogy (5). Its working principle is analogous to
ultrasound, where echoes of sound waves are
used for delineating heterogeneous tissue struc-
tures. In OCT, instead of sound, light backscat-
tering coming from tissue features is used as
the imaging contrast, which in return gives
superior image resolution by sacrificing pene-
tration depth. Due to its high resolution (up to
1 pm), reasonable imaging depth (1-3 mm), and
real-time imaging capability, OCT has gained
more and more attention in dermatology
research. By delineating wound re-epithelializa-
tion, reformation of the dermo-epidermal junc-
tion, and dermal remodeling (6), OCT has been
successfully used to study non-melanoma basal
cell carcinoma (7), actinic keratosis (8), inflam-
matory diseases (9), to quantitate structural
changes in human skin during acne develop-
ment (10), and wound healing (11).

In addition to its microstructural imaging
capability, OCT signal can also be utilized to pro-
vide 3D blood and lymphatic angiography down
to capillary level in tissue beds in vivo using
methods called optical microangiography
(OMAG) (12), and optical lymphangiography
(13), respectively. Over the past few years,
OMAG technique has been intensively used to
study in vivo microvasculature of a variety of bio-
logical tissues in preclinical and clinical settings.
For example, it has been used to investigate the
vascular abnormalities in a psoriasis patient (14).
It has also been used to study cerebral microvas-
culature in mice (15, 16), to image capillary mor-
phology in human finger (17) and human oral
cavity (18), and to study microvascular response
to inflammation induced by tape stripping on
human skin in vivo (19). On the other hand, OCT-
based optical lymphangiography has been uti-
lized in assessment of wound healing phases on
rodents (20) and is currently under development
for in vivo human skin imaging.

Recently, Baran et al. (21) demonstrated the
first use of a functional OCT system in
detecting high resolution, three-dimensional

OCT-based microangiography in clinical dermatology

structural and microvascular features of in vivo
human facial skin during acne lesion initiation
and scar development, and introduced vascular
density change as an alternative biomarker for
the assessment of human skin diseases. The
promising results of this work stimulated the
question about the future of OCT angiography
technology in dermatology clinics. Our aim in
this paper was to further explore the feasibility
of functional OCT in clinical use and explain its
potential and limitations. We present microvas-
cular and structural map of healthy and abnor-
mal human skin types in vivo, using OCT-based
techniques. The system and methods are
described in Section 2. The experimental results
are shown in Section 3. Section 4 provides a dis-
cussion of the implications of our results and
the potential and future challenges for OCT in
clinical dermatology. Finally, Section 5 provides
concluding remarks.

System and Methods

In this work, we used a 1.3 pm swept-source
OCT (SS-OCT) system provided by Thorlabs
(OCS1310V1; Thorlabs, Inc.,, New Jersey, USA)
for skin tissue imaging in vivo, upon which
OMAG scanning protocol was employed to
obtain microvascular image. Figure 1 shows a
schematic of the system setup. The system was
illuminated by a microelectromechanical
(MEMS) tunable vertical cavity surface emitting
laser operating at 1310 nm and capable of sweep-
ing the lasing wavelength at 100 kHz. The spec-
tral bandwidth of laser output was measured
~67 nm at —3 dB (an inset in Fig. 1). A Mach-
Zehnder interferometer (MZI) built in the laser
module provided real-time optical clocking, from
which the MZI signal was detected by a dual-bal-
anced detector connected to an external clock
input of a 12 bit 500 MS/s data acquisition
(DAQ) card. The optical clocking enabled OCT
fringes to be evenly sampled in wavenumbers,
eliminating need of wavenumber resampling
and interpolation of the detected fringe signals
for OCT image reconstruction.

The main output of the laser was launched
into a fiber-based interferometer, where the
light is evenly split into a reference arm and a
sample arm using a 50/50 fiber coupler. Retro-
reflected light beams from each arm were
recombined at the fiber coupler, producing an
interference fringe signal, which was detected
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Fig. 1. A schematic of 1.3 um swept-source OCT (SS-OCT) system for skin tissue imaging in vivo. MZI, Mach—Zehnder interferometer; P,
photo-detector; DAQ card, data acquisition card; PC, polarization controller; OCT, optical coherence tomography. Inset: measured optical spectrum

of laser source (18).

by the 2nd dual-balanced detector to remove
the DC and autocorrelation noise in the interfer-
ence signal. After linear sampling of the inter-
ference fringe signal by the DAQ card, the
sampled fringe signal was converted from time
domain to frequency domain using fast Fourier
transform, yielding a depth dependent reflectiv-
ity profile (A-line). Acquisition of successive A-
lines at different position on the sample was
possible with fast transverse (X-axis) scanning
(B-scan) of a galvo mirror, producing one OCT
B-frame. With addition of slow elevational (Y-
axis) galvo scanning (C-scan), eventually, one
3D OCT volume data could be acquired. The
spatial resolution of system was experimentally
measured to be 21 pm (axial) x 22 pm (lateral),
and the measured sensitivity was 105 dB on
average, almost constant up to depth of
4.25 mm in air (18). The optical power of inci-
dent light upon the sample was ~5.2 mW below
the ANSI standards (Z136.1) for the safe use of
near infrared light at 1310 nm (22).

To extract functional microvascular informa-
tion from the acquired OCT data, we adopted
OCT angiography as the extension of functional
OCT imaging scheme, i.e. OMAG (12). OCT
angiography utilizes dynamic light scattering to
contrast functional blood vessel within scanned
tissue volume. In general, light scattering due
to moving red blood cells (RBCs) is spatiotem-
porally variable, unlike that due to static tissue
around the vessel. This scattering property at
the moving RBCs randomly changes OCT sig-
nals over time, while OCT signal at the static
tissue is relatively stationary. Therefore, it is
possible to extract the blood flow signal from
surroundings by interrogating the variation in
OCT signal, which serves as an endogenous

240

source of contrast for blood vessel mapping.
There are reported OCT angiography tech-
niques to detect the OCT signal variation (23—
26). Here, we employed the OCT angiography
by the use of intensity variation, in which a
blood flow image was generated by differentiat-
ing adjacent OCT intensity B frames with a time
interval, but acquired at the same location (23).
A repetition scanning protocol dedicated to
blood flow imaging was designed and applied
to OCT DAQ. In this protocol, OCT B-scans
were repeated eight times at every location
along the Y-direction, allowing ensemble aver-
aging of seven blood flow images for each Y-
position to increase the signal to noise ratio of
blood flow signal. Numbers of A-lines in B-scan
and Y-positions in C-scan could be properly set
from the scanned range on tissue sample.

Subject volunteers were used in this study to
demonstrate the usefulness of OMAG to delin-
eate skin microvascular features in normal skin
and skins with pathological conditions. The use
of OCT/OMAG laboratory instrumentations on
volunteer subjects was reviewed and approved
by the Institutional Review Board of the Univer-
sity of Washington, and informed consent was
obtained from all subjects before imaging. This
pilot study followed the tenets of the Declara-
tion of Helsinki and was conducted in compli-
ance with the Health Insurance Portability and
Accountability Act.

Results

Structural and microvasculature imaging on healthy
skin

To validate functional OCT imaging of human
skin tissue, we firstly imaged a nailfold. Human
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nailfold is a good choice of sample for vascular
imaging because of easy access and well-known
vessel morphology of which disposition is in
parallel to the skin surface as opposed to other
tissue vascularity normal to the surface (27). In
particular, we examined nailfold of fourth fin-
ger (ring finger) of left hand because of greater
transparency of the skin (27). A healthy volun-
teer was comfortably seated at room tempera-
ture and his left hand was placed onto the
sample stage under the scan lens for imaging.
Figure 2 shows OCT imaging result of the nail-
fold of fourth finger. A representative OCT
structural cross-section (Fig. 2a) delineates inter-
nal layers of proximal nailfold such as stratum
corneum (SC), D, nail matrix (NM), and root of
nail (RN). Corresponding blood flow image is
shown in Fig. 2b in which, bright signals are
attributed to blood perfusion through functional
capillaries and small vessels. To visualize vessel
network of the nailfold, the vasculature was
reconstructed from 3D OCT angiography data-
set using rendering software coded with Matlab
language to create en face image. Figure 2d—f
are en face images (2 mm x 2 mm) of 3D ren-
dered vasculatures obtained from three differ-
ent depth ranges (280430 um, 430-600 pm,
600-880 pm), representing nail bed networks in
depth. At the papillary D below the SC (280-
430 pm), it is observed that hair-pin looking
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capillary loops are regularly distributed and
oblique to the skin surface (Fig. 2d) (28). At
deeper D (430600 pm and 600-880 um),
arborizing vessel plexus is visible, branching
into finer secondary vessels and the capillary
loops (Fig. 2e and f). Overlay of Fig. 2d and e
with different colors (green, blue, and red,
respectively) delineates typical vessel morphol-
ogy of normal nailfold in Fig. 2c.

Moreover, facial skin tissues of another
healthy volunteer were imaged with the system.
In this work, we employed handheld probing
scheme for easy access of light beam to the
facial regions. For forehead imaging, the subject
laid in supine position on a mattress with his
head on a pillow and then the handheld OCT
probe was gently touched on the forehead.
However, the cheek imaging of the subject in
seated position was conducted with contact
mode of the same OCT probe. A top panel of
Fig. 3 represents en face structure image of fore-
head (a), its vasculature image (b), and their
overlay (c), respectively. From the overlaid
image in Fig. 3¢, it is noted that hair follicles
are encircled by small vessels to possibly sup-
ply nutrients necessary for hair growth. Like-
wise, a bottom panel of Fig. 3 shows en face
structure image of cheek (d), its vasculature
image (e), and their overlay (f), respectively.
Unlike in Fig 3b, vessels appear larger in

Fig. 2. In vivo OCT imaging of healthy human nailfold. (a) A representative OCT structural cross-section of nailfold of fourth finger. SC, stratum
corneum; D, dermis; NM, nail matrix; RN, root of nail; OCT, optical coherence tomography. (b) A blood flow image corresponding to (a). (c)
Color coded en face OCT angiography image where the horizontal line indicates the location of (a) and (b). (d—f) En face images of vasculatures
obtained from different depth ranges: (d) 280430 um, (e) 430-600 pum, (f) 600-880 wum. Scale bars represent 0.5 mm.
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Forehead

Cheek

Fig. 3. In vivo optical coherence tomography (OCT) imaging of healthy facial skin tissues. Top panel: (a) En face structure image (3 mm x3 mm)
of forehead, (b) Its corresponding vasculature image, (c) Overlay of (a) with (b). Bottom panel: (d) En face structure image (3 mm x 3 mm) of
cheek, (e) its corresponding vasculature image, (f) overlay of (d) with (e). Scale bars represent 0.5 mm.

diameter and less dense in Fig 3e. Multiple hor-
izontal lines on the cheek angiogram (Fig. 3e)
are image artifacts, which were caused by either
involuntary head motion of the subject or hand
shaking of the observer or both of them during
imaging. Field of view of all images is
3 mm x 3 mm.

Structural and microvascular imaging on abnormal
skin
There has been growing evidences suggesting
that microvasculature plays a predominant role
in pathogenesis of skin conditions such as acne,
psoriasis, and skin cancer (29). To improve our
understanding of the involvement of vascular
abnormality in skin conditions, visualization
and identification of vessels with a characteris-
tic morphology are essential to assess many
types of skin lesions. Hence, there is a need of
non-invasive imaging tool to visualize the tissue
microcirculation. In Section 3.1, we showed
functional imaging ability of OCT on human
skin tissues, allowing us to observe the vascular
features of various normal skin tissue beds
in vivo. In this section, the functional OCT imag-
ing is expanded to the underlying skin condi-
tions to explore vessel morphology in the
cutaneous lesions.

Figure 4 shows OCT imaging results of three
types of cutaneous conditions; acne, papules,
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and nevus, taken from different individual sub-
jects. First to fourth columns of each panel in
Fig. 4 represent a picture including the skin
lesion, OCT structure image of the lesion
(3 mm x 3 mm), corresponding OCT angio-
gram (3 mm x 3 mm), and their overlay. In the
first panel, a picture shows acne at early stage,
appearing small elevation of reddish skin. It has
a pustule, containing a purulent material con-
sisting of necrotic inflammatory cells. The OCT
structure image is similar to the acne appear-
ance in the picture. The OCT angiogram reveals
a microvessel network in the acne region, con-
sisting of dotted vessels corresponding to papil-
lary dermal vessel and complex upper dermal
plexus. Note that the OCT angiography signals
were not observed at the pustule, implying no
functional blood vessels innervating this region,
probably due to that the fluid in pustule may
be stagnant with limited Brownian motion of
inflammatory cells.

Second and third panels in Fig. 4 show
papules on arm and chest, appearing circum-
scribed, raised reddish spots on the skins with
distinct borders as shown in pictures and OCT
structure images. In their OCT angiograms, it
is interesting to observe the vessel distribution
patterns. The appearance of blood vessels in
the papule on arm (second panel) is thick,
irregular in shape with minimal branching.
However, vessels in the papule on the chest
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Overlay

OCT angiography

L

Fig. 4. In vivo optical coherence tomography (OCT) imaging of different skin lesions on human body. Top panel: acne on forehead. Second panel:
red papule on arm. Third panel: red papule on chest. Bottom panel: nevus on belly. First to fourth columns for each panel are photograph of the
skin lesion, OCT structure image, corresponding blood flow image, and their overlay, respectively. Size of all images (except for pictures) is

3 mm x 3 mm and scale bars represent 1.0 mm.

(third panel) look curled up and clustered
through the lesion, resembling the glomerular
apparatus.

Furthermore, nevus was examined on a sub-
ject’s belly and its OCT results are described at
bottom panel in Fig. 4. Nevus is an unusual
benign mole with distinct boundary that may
resemble melanoma (30). In the OCT angio-
gram, the vascular pattern of nevus was identi-
fied having irregular linear vessels that barely
branch, which gives a favorable agreement to a
result by classical dermascopy (31).

Structural and microvasculature imaging on a
wounded skin

Disruption of cutaneous epidermal-dermal con-
tinuity is defined as a wound. Following the
occurrence of a wound, skin integrity is rapidly
restored through multiple interrelated overlap-
ping biological phases known as inflammation,
cellular proliferation, and maturation. During
the healing process, characteristics of structural

and microvascular changes in the tissue are
unique to each stage of healing.

The OCT images of a wounded human skin
during healing stages are shown with great
detail in Fig. 5, thanks to the large field of view
(G mm x 5 mm). Here, cross-sectional OCT
images in Fig. 5a—c show the structural remod-
eling in the epidermis and D. OCT en face
structural (Fig. 5d and e) and microvascular
images (Fig. 5g—i) are used to better visualize
and locate the wound lesion borders. In the
early stages of wound healing microvasculature
is sparsely organized in wound region than
those in the surrounding normal tissue as
shown in Fig. 5¢ and h, however, it becomes
progressively denser in the maturation stage.
Structural images are merged with the
microvasculature and shown in Fig. 5j-1.

Discussion

Emerging digital imaging methods take place of
classical ‘cold light" examination by providing
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the superior ability of visualizing, monitoring,
quantitating, and classifying morphologic
changes during various cutaneous processes.
However, most of these methods are used only
in characterizing structural changes in tissue
beds and are difficult to provide blood perfu-
sion maps at a capillary level. OCT-based
microangiography provides additional informa-
tion about the extent of injury by providing a
high-resolution map of functional microvascula-
ture. This is exemplified in Figs 4 and 5, where
utilizing OMAG features along with OCT struc-
tural images promises a better strategy for
assessing the condition of abnormal skin condi-
tion than just relying on structural images.
Cutaneous wound is usually created as a
result of damage to the skin after an injury, and
its healing process consists of overlapping mul-
tiphase processes including hemostasis, inflam-
mation, tissue formation, and tissue remodeling.
Understanding this complicated healing process
and developing strategies for better wound
healing outcomes have been active fields of
research (32). Various growth factors such as
vascular endothelial growth factor, transforming
growth factor-beta and fibroblast growth factor
are currently attracting clinical interests to pro-
mote the healing process (33). As shown in

OCT Cross Section

(a)

*

Inflammation

Proliferation

Maturation

1 mm

En Face Structure

Fig. 5, OCT microangiography could provide
direct visualization and quantitation of the
in vivo microvascular changes during wound
healing and may be utilized in the studies
involving these growth factors. Similarly, it may
also be applied to other studies with topical
drugs and stem cell therapies, in which OMAG
can serve as a real-time monitor tool to provide
feedbacks to the treatment strategy about the
therapeutic effects on wound healing, thus
improving the treatment outcomes.
Furthermore, cutaneous microcirculation is
usually first to malfunction in several diseases
such as primary Raynaud’s phenomenon (34),
systemic sclerosis (35), port wine stain (36), pso-
riasis (14), and skin cancer (37). With OMAG,
vessel density of various parts of the normal
and abnormal skins can easily be calculated
(38), and used as a prognostic or diagnostic
marker to assess progression and regression of
the skin lesions, replacing a standard visual
inspections. Various non-invasive microvascular
reactivity tests have been utilized in clinics i.e.
mechanical/thermal/electrical stimuli (39—41) or
subdermal injections of pharmacological agents
(39). However, due to the limitations of the
current available blood perfusion imaging
techniques such as laser Doppler imaging (42)

En face angiography Overlay

Fig. 5. Images from the inflammation, proliferation, and maturation stages of wound healing over 10 days. (a—) Optical coherence tomography
(OCT) cross-sectional views of the areas marked with yellow-dashed lines in en face images (d—f). In (a), yellow dot points to inflammatory edema
formation. In (b), blue, green and red dots point to hemostatic crust, re-epithelialization, and dermal regeneration, respectively. In (c), purple dot
points to healed dermal layer. (d—f) maximum intensity projection (MIP) of OCT en face structural images. (3—i) Optical microangiography
(OMAG) MIP of microvasculature at 0-1 mm depth. Red dotted lines show the wound area. (j-1) Overlay of (d—f) with (g—i).
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and laser speckle contrast imaging (43), they are
often used to provide gloss assessment of skin
blood perfusion. OCT microangiography would
make these tests possible to be assessed more
accurately and objectively with its unprece-
dented capability of visualizing detailed
microvascular network innervating skin tissue,
at a level of capillary vessels.

Optical coherence tomography has been a
revolutionary tool in clinical ophthalmology,
but it has not been widely adopted in clinical
dermatology yet. The reasons may be summa-
rized as the difficulty of articulating functional
properties of OCT on human subjects and its
relatively high cost compared to simple and
well-established techniques used in dermatol-
ogy. Recent developments of high-speed reli-
able swept laser sources and novel OCT
angiography methods such as OMAG would
make the OCT system more user friendly with
lower cost, attractive to clinicians.

Although OCT technology has made great
progress over the last decade, there are still
some caveats. First, motion induced noise can
deteriorate the angiography quality signifi-
cantly, as can be seen in Fig. 2e. The use of a
vacuum cushion is a simple, commonly used
method to limit the motion at the hand and
forearm (41), but motion tracking systems (44)
should be employed for clinical dermatology

OCT-based microangiography in clinical dermatology

applications on other parts. Moreover, the lim-
ited penetration depth of OCT prevents its
applications from imaging the desired location
that is more than 2 mm in depth. Luckily, the
development of endoscopic probes (45) using
MEMS scanners (46) are surging and it can
extend the use of OCT in clinics.

Conclusion

Based on the presented results, OCT-based
microangiography promises significant advan-
tages compared to alternative imaging methods
used in clinical dermatology by utilizing
OMAG. Here, we have shown the use of OCT
on different parts of human body, with or with-
out abnormality, and demonstrated the capabili-
ties of OMAG for better visualization of
cutaneous wound healing process on human.
Future well-designed clinical studies will be
required to systematically investigate and estab-
lish the benefits of this technology, contributing
to the clinical management and improvement of
new treatment alternatives.
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