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Volumetric cutaneous microangiography of human skin in vivo
by VCSEL swept-source optical coherence tomography

Woo June Choi, R.K. Wang

Abstract. We demonstrate volumetric cutaneous microangiogra-
phy of the human skin in vivo that utilises 1.3-pum high-speed swept-
source optical coherence tomography (SS-OCT). The swept source
is based on a micro-electro-mechanical (MEMS)-tunable vertical
cavity surface emission laser (VCSEL) that is advantageous in
terms of long coherence length over S0 mm and 100 nm spectral
bandwidth, which enables the visualisation of microstructures
within a few mm from the skin surface. We show that the skin
microvasculature can be delineated in 3D SS-OCT images using
ultrahigh-sensitive optical microangiography (UHS-OMAG) with
a correlation mapping mask, providing a contrast enhanced blood
perfusion map with capillary flow sensitivity. 3D microangiograms
of a healthy human finger are shown with distinct cutaneous vessel
architectures from different dermal layers and even within hypoder-
mis. These findings suggest that the OCT microangiography could
be a beneficial biomedical assay to assess cutaneous vascular func-
tions in clinic.

Keywords: cutaneous microcirculation, swept-source optical coher-
ence tomography, vertical cavity surface emission laser, ultrahigh-
sensitive optical microangiography, correlation mapping optical
coherence tomography.

1. Introduction

Human cutaneous microcirculation has been a topic of inter-
est in clinical medicine because of its intimate involvement in
human diseases and its role as a diagnostic surrogate for
examining disease states in the skin [1-3]. The main feature
for investigating the skin microcirculation is its easy accessi-
bility to probe. Usually, the cutaneous circulation is organ-
ised as stratified vessel arrangement within a few mm below
the skin surface in which the diameter of vessel lumens is less
than 100 um [4]. For that, three-dimensional (3D) micrometer
resolution imaging of the cutancous vessels can be of great
benefit in the investigation of cutaneous microcirculation that
could lead to the improvement of clinical interpretation for
human diseases. Many imaging techniques have allowed 3D
high-resolution imaging of the vasculatures in tissue. Confocal
laser scanning microscopy (CLSM) and two-photon excita-
tion microscopy (TPEM) have been extensively used as repre-
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sentative 3D microangiographic methods to obtain the vascu-
lature in living tissue with a high lateral resolution down to a
few microns [5—8]. A common drawback of both methods is
the requirement of exogenous contrast-agents for vessel label-
ling, which may induce adverse reaction such as nausea and
vomiting [9]. Moreover, their high lateral resolution (41 <
2 wm) would often compromise the imaging depth (< 0.5 mm)
in highly scattering tissue [5—8].

Photoacoustic microscopy (PAM) has been developed as
an alternative for label-free 3D tissue microangiography [10].
This hybrid technique measures ultrasound pulses resulting
from the thermo-elastic effect of light-absorbing haemoglo-
bin contained within red blood cells (RBCs), which ensures
vessel structure imaging in vivo. Detection of the ultrasound
wave enables to achieve deeper imaging depth up to a sub-cm
for skin tissue. Recently, optical resolution PAM (OR-PAM)
has improved its lateral resolution to the level of capillary
resolution [11, 12]. In the PAM imaging, however, an aque-
ous coupling material in contact to the sample is prerequisite
to transmit the ultrasound wave from the sample to the trans-
ducer. In addition, the data acquisition time for vessel map-
ping is somewhat lengthy (on a scale of minutes) [12].

More recently, the functional variant of optical coherence
tomography (OCT) has emerged with advantages of non-con-
tact, high-speed 3D microangiography of tissue beds in vivo
[13-20]. Unlike PAM, the mapping mechanism involves scat-
tering properties of OCT signals backscattered from the tissue
structure including vessels. Specifically, the random flow of
RBC:s through the vessel lumen causes temporal fluctuations
in the OCT signals (in terms of intensity or phase) at a given
voxel in the blood flow as opposed to the flow-free region (tis-
sue). This speckle-like dynamics enables the isolation of func-
tional blood vessel from its surrounding tissue. Many of ves-
sel extraction algorithms have been proposed, including
methods based on intensity variation (e.g., speckle variance
OCT (svOCT) [21], correlation mapping OCT (cmOCT) [22]),
phase variation (e.g. phase-variance OCT (pvOCT) [23]) and
complex signal variation (ultrahigh sensitive optical microan-
giography (UHS-OMAG) [24-27]). Their capabilities to
extract vessels have been successfully demonstrated by the use
of conventional high-speed Fourier-domain OCT (FD-OCT)
systems in which diverse microvascular information including
vasculature, blood flux, blood flow velocity was investigated
with a variety of tissue beds such as brain [13-20], skin
[22, 27], eye [23, 24] and cochlea [28, 29] of healthy or abnor-
mal small animals and human in vivo. Therefore, it is clear
that the OCT microangiography has great potential for
exploring intact human cutaneous microcirculation in three-
dimensions.
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However, most of the human skin vascular imaging using
OCT has been limited to superficial vessel networks beneath
epidermis in the skin, largely attributed to the sensitivity deg-
radation at longer imaging depths and lack of a proper vessel
extraction technique for turbid tissue. These would make the
imaging of the whole cutaneous layers challenging. Recently,
we have developed a modified UHS-OMAG algorithm and
shown its feasibility for skin angiography using a swept-
source OCT (SS-OCT) system based on micro-electro-
mechanical (MEMS)-tunable vertical cavity surface emission
laser (VCSEL) [30]. The MEMS-tunable VCSEL features
rapid sweep speed (a few hundreds of kHz), broad tuning
range over 100 nm, long coherence length of greater than
50 mm, high output power over 25 mW [31]. These features
provide the system with a 12-mm imaging range with a nomi-
nal amount of signal degradation (solely limited by data
acquisition electronics and samples). With the system, the
modified UHS-OMAG algorithm achieved contrast enhance-
ment in skin angiography up to 7 times greater than existing
OCT angiographic techniques [30].

In this paper, we present volumetric cutaneous microcir-
culation imaging with the modified UHS-OMAG imple-
mented by a VCSEL laser source. This application allows for
the visualisation of fine skin microvessel networks through
entire dermis to the subcutaneous layer.

2. Methods

2.1. VCSEL SS-OCT system

A fibre-based MEMS-tunable VCSEL (SL1310V1-10048,
Thorlabs) SS-OCT system was used for human skin imaging.
Figure 1a shows a photograph of the benchtop SS-OCT sys-
tem consisting of a laser module, an imaging module, a stand-

alone probe and a workstation (T5600, six core 2.3 GHz,
32 GB DDR3 RAM, Dell), where all units except for the
probe were loaded on a wheeled cart in the laboratory. In the
laser module, the laser light was wavelength-swept at 100 kHz,
which had a centre wavelength of 1300 nm and a 10-dB spec-
tral bandwidth of 100 nm (Fig. 1b). The light exiting from the
laser module was launched into a Mach—Zehnder interferom-
eter within the imaging module and split into a reference arm
and a sample arm at a broadband (50: 50) fibre coupler. In the
sample arm, the light was fibre coupled into the stand-alone
probe, collimated, and then directed by X—Y galvanometric
scanners to illuminate the sample. The light was focused by a
5% objective (LSMO03, Thorlabs), forming a focal spot at a
working distance of 25.1 mm in air. An average optical power
incident on a skin surface was 6.0 mW, well below the
American National Standards Institute (ANSI) standards
(Z136.1) for the safe use of near infrared light at 1310 nm [32].
Returning light beams from the reference arm and the sample
arm were reunited at the fibre coupler in the imaging module,
and the resulting interferometric signal was detected by a
dual-balanced photodiode and sampled using a 12-bit ana-
logue-to-digital converter at 500 million samples per second.
The sensitivity of the system measured with a well-defined
attenuator in the sample arm was equal to ~107 dB from
0.5 mm to 4.5 mm depth in air (Fig. 1c). The spatial resolution
(axial and lateral) of the system was measured to be about
14 um and 22 pum in air, respectively.

A number of prior studies have used the human fingers as
the investigation site for monitoring microvascular reactivity
involved in vascular diseases such as diabetes [33—35]. For
this, we elect to image the cutaneous functional vasculature
within human fingers to demonstrate the potential of the
modified OMAG in this study. Unlike other extremities, the
upper extremity peripheral site has a relatively thinner epithe-
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Figure 1. (a) Photograph of the VCSEL SS-OCT system (the inset shows a finger placed on the sample stage), (b) spectrum of the laser source and

(c) measured signal sensitivities against different imaging depth.
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lial layer (avascular region), making easier for OCT/OMAG
to probe underlying vessel structures.

For imaging, the finger was placed on an X—Y moving
stage, of which a region of interest was located below the
objective as an inset in Fig. la. The fingertip was grabbed
with a clay holder to minimise image artefacts caused by fin-
ger movement. Ultrasound gel was uniformly spread on the
target skin surface for refractive index matching and then the
focal plane was adjusted near the skin surface. 2D and 3D
OCT imaging was performed using a 64-bit Windows-based
graphics user interface (GUI) programme that controlled all
of the data acquisition processes.

2.2. Data acquisition and processing

For the implementation of microangiography using the
SS-OCT system, the intensity-based OCT angiography is
preferred due to the phase instability of SS-OCT. Usually,
the method works by subtracting several sequential OCT
structural images obtained at the same location, allowing
for mapping out the blood flow [26]. However, this method
is prone to artefacts arising from the stationary tissues due
to intensity mismatch between inter-pixels, causing degrada-
tion in blood flow contrast. To remove the static signals in
the angiogram, we used the modified UHS-OMAG where
the key issue is to apply a binarised cmOCT image to the
intensity-based UHS-OMAG image, enabling rejection of
the residual static signals on the UHS-OMAG angiogram
[30]. The imaging protocol is as below: 3D OCT imaging
was performed with the raster scanning of the X—Y galvo
scanners to record a B-frame with 512 A-lines for fast B-scan
and 2560 cross sections for slow C-scan. The completed
scanning produced a 3D OCT data cube [512 512 (X) x 2560
(Y) x 4096 (Z) voxels], where 4096 is a sampling pixel num-
ber in one A-line. A field of view of the data cube is 4 mm
(X) x 2 mm (7). Acquisition time of the 3D OCT data was
about 50 s.

The amplitudes of the 3D OCT data cube were calculated
following fast Fourier transform (FFT) of the complex OCT
fringe signals and background removing [36]. To avoid image
artefacts due to tissue motion during OCT imaging, an image
registration method was applied to the 3D OCT amplitude
data by comparing correlation between the inter B-frames
prior to vessel extraction [37]. Once the 3D OCT amplitude
data was aligned, cross-sectional blood flow images were
computed using a conventional UHS-OMAG algorithm
[26, 27] and a cmOCT algorithm [22], respectively. Note that
we used the amplitude values instead of the complex values as
in the published UHS-OMAG formula [27]. For both of
UHS-OMAG and cmOCT, commonly, one flow intensity
image was obtained from adjacent B-frames. A time spacing
between the adjacent B-frames was about 12 ms at a given
B-mode imaging rate of 80 frames s~!. This time spacing is
sufficiently long to detect slow blood flows [27]. Then, 9 flow
intensity images obtained from the 10 adjacent B-frames were
averaged to increase flow signal sensitivity. As a result, total
of 256 flow intensity images were produced from 2560 OCT
B-frames for the two angiographic methods. The cmOCT
images were made as a binary form with 0 and 1 values, and
this binary cmOCT was used as a mask on the corresponding
UHS-OMAG image [30]. Finally, resulting 256 cross-sec-
tional masked UHS-OMAG (mOMAG) images formed a 3D
angiographic stack. The flow chart for the data post-process-
ing is illustrated in Fig. 2.
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Figure 2. Flow chart of data post-processing.

3. Experimental results

3.1. Microvascular imaging of human finger tissue

Volumetric full-depth cutaneous vascular imaging was per-
formed in the region near the proximal interphalangeal (PIP)
(or second) joint of the fourth finger of a healthy volunteer (a
35-year-old male) shown as a dotted boxed area [4 mm (X) x
2 mm (Y)] in Fig. 3a, where two bluish veins are visible with
native eye. The representative cross-sectional OCT structural
image and corresponding mOMAG image are shown in
Figs 3b and 3c, respectively. The OCT image (Fig. 3a) enables
visualisation of typical anatomical features of human skin tis-
sue such as epidermis [E = stratum corneum (SC) + stratum
spinosum (SS)], dermis [D = papillary dermis (PD) + reticular
dermis (RD)] and hypodermis (HD). Subcutaneous fats (SFs)
with adipocytes grouped together in lobules are visible in the
HD layer. In addition, two dark low scattering structures
having diameters over 500 um are observed at a junction
between the RD and the HD, which are expected to be subcu-
taneous veins (SVs) that are the bluish vessels seen in the pic-
ture (Fig. 3a). The low scattering may be sourced from a RBC
cluster moving rapidly across the SV. The mOMAG image in
Fig. 3¢ shows many bright signals in size, representing blood
perfusion in the skin but it suffers from shadowing artefacts
subsequent to the perfusion in axial depths. An overlay of the
OCT image with the mOMAG image in Fig. 3d identifies
blood vessels located in the dermis and the SVs in the hypo-
dermis. To validate presence of the subcutaneous veins from
the OCT imaging, we imaged the same PIP region using a
colour Doppler ultrasound (US) machine (Hi Vision 5500,
Hitachi) with a high-frequency (14 MHz) ultrasound array
transducer. Axial resolution of the US image was approxi-
mated to be 110 um considering a propagation speed of
acoustic wave in the soft tissue (1540 m s™') [38]. Figure 3e
shows a flow image merged on a B-mode US image of the
PIP, in which two adjacent blood flows are displayed in the
OCT imaging region (a boxed area in Fig. 3e), indicating the
subcutaneous veins.
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Figure 3. In vivo microvascular imaging of the PIP joint of the fourth finger of a healthy volunteer (35-year-old male): (a) photograph of the fourth
finger of the left hand with an imaged area near the PIP region [a square box, 4 mm (X)) X 2 mm (Y)]; (b) representative cross-sectional (XZ) OCT
structural image [(E) epidermis, (SC) stratum corneum, (SS) stratum spinosum, (D) dermis, (PD) papillary dermis, (RD) reticular dermis, (HD)
hypodermis, (SF) subcutaneous fat, (SV) subcutaneous vein]; (c) corresponding cross-sectional (XZ) blood flow image (mOMAG image); (d) struc-
tural image of the PIP with the mOMAG data overlay [the image size is 4 mm (X) x 2.1 mm (Z)]; and (e) colour Doppler ultrasound flow image
superimposed on B-mode ultrasound image of the same PIP region. The subcutaneous veins are displayed as the Doppler amplitudes in a white box
(the OCT imaging region). The colour photographs are available at www.quantum-electron.ru.

In order to investigate vessel networks for each dermal
layer, en-face XY projection angiograms were produced by
selecting the maximum amplitude along the axial (Z) direc-
tion in each layer from the 3D angiogram stack. Figure 4a
shows a 3D rendered image of the OCT structure of the PIP
region with three bars indicating three depth ranges including
the papillary dermis (PD), the papillary-reticular dermis junc-
tion and the dermal-subcutaneous (hypodermis) junction,
respectively. The projection angiograms for the each depth
range are shown as Figs 4b—d. In Fig. 4b (250-380 um below
the surface), the angiogram reveals capillary loops arising
from an upper horizontal plexus, feeding nutritive compo-
nents to the epidermis [4]. The upper horizontal plexus that
supports the dermal papillary loops is found nearby the pap-
illary-reticular dermal junction (384-420 um below the sur-
face) (Fig. 4c). Figure 4d shows a lower horizontal plexus at
the dermal-subcutaneous junction (636—1380 um below the
surface), formed by perforating vessels from the underlying
muscles and the subcutaneous fats, in which the diameters of
some vessels including subcutaneous veins (asterisks) are
greater over hundreds of microns [4]. These two horizontal
plexuses represent essential areas for regulating cutaneous
microcirculation, which play a predominant role to respond
pathophysiologic disorders in the circulation [4]. All cutane-
ous microvasculatures of the PIP are presented as a 3D ren-
dering in Fig. 4e.

Furthermore, we performed wide-field angiography over
a field of view [4 mm (X' ) x 7 mm (Y)] of the PIP region (a
boxed area in Fig. 5a). For this, a series of 3D OCT datasets
were acquired at different but partially overlapping locations
in the field of view and then, seven separate 3D angiographic

stacks were obtained from each OCT data cube. They were
reduced to en-face projection angiograms and stitched
together after careful alignment. Figures Sb—Se present wide-
field projection angiograms with different depth ranges.
Distinct vessel architectures for each region is equivalent to
the results of Fig. 4, but the wider view can offer overall visu-
alisation of the cutaneous vasculatures, beneficial for com-
prehensive understanding of the functional microvasculature.

4. Conclusions

To conclude, nOMAG using SS-OCT has been shown effec-
tive in the monitoring of cutaneous blood vessels in human
skin in vivo. The use of the MEMS-tunable VCSEL SS-OCT
system has permitted full-depth volumetric OCT imaging
for the cutaneous region. Moreover, UHS-OMAG with a
correlation mapping mask has enabled the extraction of the
microvascular map from the 3D OCT dataset, delineating
depth-resolved microvessel networks from dermis to hypo-
dermis. Implementation of wide-field angiography has pro-
vided comprehensive 3D information on the cutaneous
microvasculature. Though the imaging was performed on
the normal finger, these results suggest that the OCT angio-
graphic approach could be a useful clinical tool providing
the 3D angiogram of cutaneous microcirculation that can
potentially aid in the evaluation of vascular diseases and
their treatment efficacy.
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Figure 4. Depth-resolved cutaneous vascular projection images of the PIP region in the fourth human finger: (a) 3D rendered image of the OCT
structure of the PIP region; (b), (c) and (d) indicate the projection angiograms within depth ranges: 250—-380 um, 384—-420 um and 636—1380 um
below the skin surface, respectively; (e) 3D rendered image of the all cutaneous vasculatures of the PIP region. A scale bar is 1 mm.

Figure 5. Wide-field angiography imaging of the PIP region in the fourth human finger. (a) Total seven separate en-face projection angiograms were
obtained and stitched together to give a field of view of 4 mm (X) x 7 mm (Y). Wide-field en-face projection angiograms from different depth
ranges: (b) full-depth cutis, (c) papillary dermis, (d) papillary-reticular junction and (e¢) dermal-subcutaneous junction (asterisks indicate the subcu-
taneous vessels). A scale bar is | mm.
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