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Abstract. Studies have proven the relationship between cutaneous vasculature abnormalities and dermatologi-
cal disorders, but to image vasculature noninvasively in vivo, advanced optical imaging techniques are required. In
this study, we imaged a palm of a healthy volunteer and three subjects with cutaneous abnormalities with photo-
acoustic tomography (PAT) and optical coherence tomography with angiography extension (OCTA). Capillaries in
the papillary dermis that are too small to be discerned with PAT are visualized with OCTA. From our results, we
speculate that the PA signal from the palm is mostly from hemoglobin in capillaries rather than melanin, knowing
that melanin concentration in volar skin is significantly smaller than that in other areas of the skin. We present for
the first time OCTA images of capillaries along with the PAT images of the deeper vessels, demonstrating the
complementary effective imaging depth range and the visualization capabilities of PAT and OCTA for imaging
human skin in vivo. The proposed imaging system in this study could significantly improve treatment monitoring
of dermatological diseases associated with cutaneous vasculature abnormalities. © The Authors. Published by SPIE under a
Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original
publication, including its DOI. [DOI: 10.1117/1.JB0O.21.9.096011]
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The epidermis is the outermost layer of skin. Volar skin is char-
acterized histologically by a thick cornified layer and a promi-
nent undulate pattern of epidermal rete ridges and dermal
papillae, which ensure a tight junction of the epidermis and
the dermis.! The superficial vascular plexus consists of a net-
work of vessels that are parallel to the skin surface. Hairpin-
shaped capillaries from vessels of the superficial plexus loop
into the dermal papillae." Through the permeable wall of capil-
laries metabolic substances are delivered to and transported
from the avascular epidermis.’

The vasculature of the superficial plexus and especially post-
capillary venules are the principal sites of pathologic changes in
most inflammatory skin diseases.? For instance, abnormalities in
these vessels have significant and active impact on pathogenesis
of psoriasis* which is characterized by tortuous and dilated ves-
sels in the papillary dermis.’ During remission after photoche-
motheraphy with oral psoralen, psoriasis lesions exhibit
shortening of capillary loops due to reversion from venous capil-
lary to arterial capillary.® Videocapillaroscopy and dermato-
scopy have been used successfully to monitor treatment effects
because the morphologic changes of capillaries in the papillary
dermis mirror the evolution and involution of psoriasis plaques
during and after therapy.”®

*Address all correspondence to: Wolfgang Drexler, E-mail: wolfgang.drexler@
meduniwien.ac.at
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Archid et al.” reported confocal laser-scanning microscopy
(CLSM) of capillaries. CLSM has a high axial resolution of
5 pm and a lateral resolution between 1 and 3 ym. However,
it has limited penetration and low sensitivity to blood particles
and therefore is not suitable for imaging capillaries in the der-
mis. Photoacoustic maging (PAI), based on optical absorption of
light, has superb sensitivity to hemoglobin in red blood cells.’
Optical-resolution photoacoustic microscopy (OR-PAM) uses a
focused beam for excitation and provides high resolution with
the tradeoff of imaging depth, whereas photoacoustic tomogra-
phy (PAT) uses a diffused excitation beam and has deeper
imaging depth.” A recent publication'” demonstrated the capa-
bilities of a dual-modality PAT/optical coherence tomography
(OCT) system in imaging various dermatological diseases.
Benefiting from the light absorption properties of blood and
structural deformation due to dermatological lesions, several
abnormalities were imaged. The reported system visualized
major blood vessels. Several other studies have shown vascular
network in volar skin using PAL''""'> but most of them use piezo-
electric transducers and lack the sensitivity to adequately visu-
alize the capillaries in the papillary dermis. This shortcoming in
discerning the finer capillaries in the papillary dermis motivates
the current study.

Van Es et al.'* reported a finger imaging PAT system and
presented images from a healthy volunteer. The system could
detect PA signals from the capillaries in the dermal papillae
but could not visualize the capillary network. Aguirre et al.'?
utilized a broadband ultrasound transducer and presented PAT
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images of the collection of capillaries in the papillary dermis.
However, their systems were incapable of visualizing individual
capillaries.

OCT-based angiography (OCTA) is an extension of OCT that
can easily visualize vascular structure down to the level of capil-
laries in human skin.'""'*"'® The contrast in OCTA is based on
moving scatterers in blood.!” The high lateral resolution and
deep imaging depth make OCTA a strong competitor to PAM
when it comes to imaging capillaries in skin. Especially when
we notice that in spite of the success of OR-PAM in vasculature
imaging preclinically, to the authors’ knowledge, it has not been
demonstrated clinically in human skin imaging, which could be
attributed to the current configurations of standard OR-PAM
being not optimal for in vivo clinical applications.

A particular advantage of OCTA is the short imaging time,
which permits in vivo applications in a much faster manner.
Stepper motor-based PAM systems do not meet the critical
time requirement in many preclinical and clinical applications.
Fast PAM systems were proposed but all have limitations for
certain dermatological applications. Fast laser-scanning OR-
PAM can achieve high imaging speed, but its scanning range
is usually about 200 um laterally.'® Increasing the size of an
unfocused transducer to increase the scanning range has the
drawback of passively increasing the amplifier input load of
the transducer.!® A water-immersible microelectromechanical
systems (MEMS)-based setup was reported.'? With a volumetric
scan rate of 0.8 Hz, i.e., 20 times faster than a voice-coil-based
system, its scanned area was limited to 2 mm X5 mm. In

contrast, OCTA can cover an area of 10 mm X 10 mm in just
a few seconds. Besides, OCTA as an extension for OCT can
provide morphological information simultaneously, and the sig-
nificance of OCT revealed morphology in dermatological stud-
ies has been proven in Ref. 20.

In this letter, we demonstrate for the first time the advantage
of using OCTA in imaging the finer capillaries in the shallower
depth and the major blood vessels in the deeper dermis using
PAT. Both phase-based and intensity-based angiography are
achieved using this OCTA system. Details of the system and
its algorithm can be found in Ref. 21. The light source was
centered at 1310 nm (SSOCT-1310 Insight Photonic
Solutions, Inc.) with a bandwidth of 37 nm and a sweep rate
of 200 kHz. The lateral and axial resolutions of the system
were 45 and 26 um, respectively. The sensitivity of the OCTA
system was measured to be 103 dB. The schematic of the PAT
system is given in Ref. 10.

In this study, one healthy subject and three subjects with
cutaneous abnormalities were imaged. This study was approved
by the ethics committee of the Medical University of Vienna and
followed the Declaration of Helsinki. For the healthy subject,
skin on top of the thenar eminence area of the palm was imaged
with PAT and then with OCTA. The scanned area for PAT was
14.16 mm X 14.16 mm for all the subjects and for OCTA it was
8 mm X 8 mm for the healthy subject and 10 mm X 10 mm for
the rest. The total acquisition time was 4.6 min for PAT and
about 30 s for OCTA. The number of A-scans and B-scans
for OCTA were 512 and 512, respectively. A square was drawn

Fig. 1 (a) Diagram of vasculature in volar skin adapted from Ref. 22.(b) Color-coded MIP PAT of healthy
skin covering the depth range from 0.45 to 4.44 mm. (c) MIP PAT covering the depth range between 0.27
and 0.42 mm. The bright parallel curves depict the superficial vascular plexus and capillary loops within
each ridge. (d) Overlay of the PAT in (c) with structural OCT (green color map) covering the same depth
range. The bright curves are the epidermal projections that follow the furrows and in between two adja-
cent projections are the ridges. (e) Overlay of the PAT in (c) with OCTA (red color map) integrating the
same depth range. (f) Zoomed in view of the yellow square in (e) showing the superficial vascular plexus
that runs parallel to the skin surface at the edge of each ridge. The capillary loops that are composed of
finer arterial and venous capillaries are connected to the major capillaries inside each ridge.
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using a marker on the skin to indicate the region to be scanned
for both modalities.

Figure 1(a) is a diagram of the vascular network in human
volar skin.”> Notice the dermatoglyphic pattern of ridges and
furrows on the surface of the skin and the parallel vessels of
the superficial vascular plexus just below the epidermis.
Figures 1(b) and 1(c) show the PAT and Figs. 1(d)—(f) show
OCT overlaid on PAT images. These figures are maximum inten-
sity projection (MIP) images in the depth direction. Figure 1(b)
is a depth-color coded MIP image integrating the depth range
from 0.45 to 4.44 mm; the color bar to the left of the figure
depicts the corresponding depth in millimeters for hue. This fig-
ure shows major vessels located in the reticular dermis and
upper part of the subcutis. Figure 1(c) is MIP PAT image of the
capillaries in the papillary dermis, covering the depth range from
0.27 to 0.42 mm. In Fig. 1(d), the green color map is structural
OCT, integrating the same depth range as the PAT image. The
bright curves are the epidermal projections that follow the fur-
rows and the darker bands between them are the ridges. This
figure demonstrates the coregistration of data from the two
modalities. Figure 1(e) is an overlaid OCTA image (red color
map) on the PAT image. Figure 1(f) is a zoomed in image of
the yellow square in Fig. 1(e). In Fig. 1(e), the OCTA image
reveals finer vessels that are not discernable by PAT. Between
two dermal papillae there is a downward projection of the epi-
dermis called crista intermedia, which is situated below the
center of the ridges. In the periphery, the dermal papillae are
flanked by two epidermal projections that follow the furrows.
The vasculature that runs parallel to the skin surface consists
of the arterioles of the superficial vascular plexus. The capillary
loops in the dermal papilla are composed of an ascending
arterial component and a descending venous limb. The venous
portion of a capillary loop empties into postcapillary venules of
the superficial plexus. The capillaries deliver oxygen and nutri-
tion to the epidermis, which is devoid of vessels.® The diameter
of individual capillary is too small to be discerned with PAT, but
the superficial vascular plexus can be discerned. The OCTA
image, on the other hand is capable of resolving smaller vessels.
In the OCTA image in Fig. 1(f), the vessels of the superficial
plexus run at the edge of each ridge. The network of capillary
loops within each ridge, connected to the larger ones are barely
visible as small dots.

The same area imaged with PAT/OCTA was imaged with
confocal microscopy after the experiment. The confocal micros-
copy images detected melanin in the lower part of the epidermis,

i.e., stratum Malpighii. The melanin could contribute to the PA
signal that is visualized in Figs. 1(c)-1(f). However, it is known
that melanin content of volar skin is relatively low, significantly
less than other parts of the skin.®> On the other hand, the capil-
lary loops in the dermal papillae are located underneath the
ridges and the vessels of the superficial vascular plexus run
along the ridges. The MIP PAT image of these vessels is con-
fined to the pattern of the ridges. The coregistered PAT and OCT
images suggest that parallel lines of Fig. 1(c) correspond to the
ridges and therefore we believe that the parallel lines in the PAT
images mostly represent hemoglobin and not melanin.

Figure 2(a) shows the MIP PAT image integrating the depth
range between 0.45 and 1.01 mm. Figure 2(b) shows the over-
laid OCTA image. Figure 2(b) shows the maximum effective
imaging depth of OCTA in a human palm. Figure 2(c) shows
a single frame from the three-dimensional (3-D) rendered video
of the coregistered PAT and OCTA data.

Nevus araneus is a benign vascular lesion that can be asso-
ciated with pregnancy, extra estrogen, or poor liver function. It is
distinguished by a central papule and a network of feeding capil-
laries with a radial pattern. Figure 3 shows the results acquired
by imaging a subject with nevus araneus on the dorsum of the
hand. Figure 3(a) is a depth-color coded MIP image integrating
the depth range from 0.64 to 3.00 mm. Figure 3(b) is an MIP
PAT image integrating the depth range from 623 to 940 ym. In
Fig. 3(c), the OCTA image of the corresponding depth range is
overlaid on the PAT image of Fig. 3(b), showing the depth over-
lap of the two modalities. The corresponding blood vessels in
the two modalities are marked with yellow arrows 1 and 2.
Figure 3(d) is the OCTA integrating the depth range from 221
to 389 um. This figure shows the finer vessels that are not dis-
cernible using PAT. Figure 3(e) is 3-D rendering of the three
modalities. OCT shows skin morphology in gray color map,
OCTA in red, and PAT in golden. Figure 3(f) is a photograph
of the imaged site.

Cherry angioma manifests itself with benign dilation of
blood vessels or proliferation of endothelial cells. They are often
single or multiple small, cherry red papules. Figure 4 shows the
results of imaging cherry angioma on an upper arm in vivo.
Figure 4(a) is a depth-color coded MIP image integrating the
depth range from 380 to 2350 um. Figures 4(b) and 4(c) are
PAT and OCTA overlaid on pat, respectively. Figure 4(d) is
an MIP PAT image integrating the depth range from 20 to
110 ym. In this image, the angioma is seen as a bright spot
in the top region of the image. Figures 4(e) and 4(f) are OCTA

Fig. 2 (a) PAT and (b) OCTA overlaid on PAT images of the vascular network in the dermis, integrating
the depth range between 0.45 and 1.01 mm. The red colormap corresponds to the OCTA data. (c) Single
frame from the 3-D-rendered video of fused PAT and OCTA. The video is provided in the supplementary
material (Video 1, mov, 10.9 MB) [URL: http://dx.doi.org/10.1117/1.JB0O.21.9.096011.1].
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Fig. 3 Nevus araneus on dorsum of hand. (a) Depth-color coded MIP PAT image. (b) An MIP PAT image
integrating the depth range from 623 to 940 um and (c) overlaid OCTA of corresponding depth on it. The
common vessels seen by both PAT and OCTA are marked with yellow arrows 1 and 2. (d) OCTA showing
the finer capillaries that feed the central arteriole at the depth range from 221 to 389 um. These capillaries
are not discernible by PAT. (e) 3-D rendered fusion of the three modalities: OCT showing skin morphol-
ogy with gray color map, OCTA with red and PAT with golden. (f) Photograph of the imaged site.

images; Fig. 4(e) is a cross sectional image. In this image, the
green and blue lines indicate the depth where the en face images
in Fig. 4(f) are obtained and the red line corresponds to the
OCTA image in Fig. 4(c). By comparing Figs. 4(d) with 4(b),
we can see that the abnormality exists only on the surface of the
skin and does not span in depth. The feature seen in en face
OCTA images in depth, e.g., Fig. 4(f) is due to a shadowing
artifact in OCTA. Figure 4(g) is a photograph of the imaged
site on the upper arm of the subject.

Figure 5 shows the results of imaging an upper dermis
angioma located on the upper leg of a human subject. Clinical
image shows a flat blue lesion. Figure 5(a) shows a depth-color
coded MIP PAT image integrating the depth range from 380 to
1500 um. The angioma is seen as a bright oval spot roughly in
the center of the image at the depth of ~500 um below skin sur-
face. Figures 5(b) and 5(c) are images of PAT and OCTA over-
laid on PAT, respectively. In these figures, the vessels that are
visualized by both modalities are marked with yellow arrows
from 1 to 3. While OCTA is capable of discerning dense mesh
of finer vessels in the area of the angioma, in PAT this mesh is
visualized featuring an oval shape. Figure 5(d) is the OCTA
showing a depth range from 364 to 390 ym. Figure 5(e) is
the photograph of the imaged site.

A broad variety of dermatologic diseases leads to microan-
giopathic changes. OCTA applied to skin showed characteristic
patterns for skin pathologies such as basal cell carcinoma or pso-
riasis.'® In addition to inflammatory diseases such as cutaneous
vasculitis, autoimmune disorders like Raynaud’s phenomenon or
connective tissue diseases are also associated with microvascular
changes.?* Diabetes mellitus, a very common metabolic disorder,
affects the vasculature of skin and leads to microangiopathy®
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which affects the dermal blood flow and leads to skin ulcerations
and impaired wound healing.?

OCT can provide structural information and visualize mor-
phological changes in skin. OCTA enables label free visualiza-
tion of small vessels and is complementary to PAT. An axial
range with effective blood vessel visualization for OCTA was
found to be about 996 ym. Although the current scan lens
(Thorlabs, LSM04 with center wavelength of 1315 nm and a
mean spot size of 35 ym) does not permit fine lateral resolution
comparable to the diameter of capillary loops, as long as the
decorrelation caused by capillary blood flow passes the lower
threshold in the reconstruction algorithm, the microvasculature
can still be visualized with broadened diameter.?” In the litera-
ture, the diameter of capillaries is 4 to 8 pm and 10 to 30 ym for
postcapillary venules.! This artificial broadening of microvascu-
lature was measured to be roughly six times for capillaries and
three times for postcapillary venules. PAT and OCTA together
can reveal the overall vascular network. Here we showed how
OCTA is capable of visualizing the superficial vascular plexus
and the capillaries in the papillary dermis. We also showed the
depth-range overlap of PAT and OCTA. In Fig. 4, results of im-
aging cherry angioma were presented. This abnormality was at
the surface of skin. A drawback of OCTA is a shadow artifact of
vessels. In en face images of OCTA at different depths, we can
see the identical spot that is the shadow of the angioma at the
surface. On the other hand, PAT is more resilient to a shadow
artifact. The PAT image of deeper depth in Fig. 4(b) confirms
that the angioma does not have depth profile.

Even though the PAT/OCT combined system has been dem-
onstrated for clinical use previously,'® phased-based angiogra-
phy was not possible with the previous system. This work
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Fig. 4 Cherry angioma on upper arm. (a) Depth-color coded MIP PAT image showing vessels up 2.3 mm
in depth. (b) and (d) MIP PAT images integrating the depth range 380 to 760 ym and 20 to 110 um,
respectively. (c) OCTA overlaid on PAT from (b). (e) Cross-sectional image of OCTA,; the green and
blue horizontal lines show the depth where the en faceimages in (f) are taken from. The red line indicates
the depth corresponding to the OCTA in (c). The lesion is at the surface of the skin and it causes shadow
artifact in OCTA at deeper depth, i.e., the spots in (f). By comparing the PAT in (b) and (d), we can see
that the lesion is indeed not visible in depth; i.e., the white bright spot seen in (d) is not visible in (b).
(9) Photograph of the imaged site.

Depth{mm]

(e)

Fig. 5 Angioma of upper dermis in upper leg. (a) Color-coded MIP PAT, the lesion is seen as an oval
shape roughly in the center of the image. (b) and (c) MIP PAT integrating depth range from 380 to 990 xm
and overlaid OCTA. The corresponding vessels in PAT and OCTA are marked with yellow arrows 1 to 3.
(d) OCTA integrating depth range from 364 to 390 xm. Note the dens capillaries in the lesion area. The
lesion area is in between arrows 2 and 3 in (c). (e) Photograph of the imaged site.
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proves the potential to use a phase stable akinetic swept source
OCT for microvasculature visualization, which initiates our
future work to design a trimodality combined PAT/OCT/OCTA
system for human skin vasculature imaging.

To the best of our knowledge, we presented here for the first
time in vivo images of the capillaries of human palm with great
details using OCTA along with the larger vessels of deeper depth
using PAT. In the near future, this may help provide valuable
information for microvascular perfusion which can thereon en-
able a noninvasive and fast assessment for a spectrum of skin
diseases with vascular malformation.
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