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Abstract

Purpose—To investigate the repeatability of vessel density measurement at human arm skin in
healthy subjects with OCT-based microangiography (OMAG).

Methods—TFour locations including volar wrist, volar forearm, shoulder and volar upper arm
were scanned using an optimized swept source OCT system, working at center wavelength of
1300 nm and A-line rate of 100 kHz. Three scans were acquired at each location at the same visit.
Vascular images of papillary dermis, reticular dermis and the whole dermis layer were generated
with OMAG processing and automatic segmentation algorithms. The vessel density (VD) of each
layer was calculated based on vascular images, and the repeatability of the VD at the same
physiological location was thereafter assessed.

Results—Fifteen healthy volunteers were included. High repeatability of VD was found for
wrist, forearm, shoulder and upper arm (coefficient of variation (CV) = 2.4, 2.7, 2.7, 2.0, and
intraclass correlation coefficient (ICC) = 0.906, 0.854, 0.943, 0.916, respectively). The VD
measurements showed no significant difference between the four locations in any of the three
layers, i.e. papillary layer (P= 0.1063), reticular layer (P=0.3371) and whole dermis layer (P=
0.3233).

Conclusion—Quantification of VD by using OCT/OMAG is repeatable when imaging skin
tissue beds in healthy individuals.
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1. Introduction

In recent years, skin microcirculation has attracted much attention in clinical medicine due
to its close association with numerous diseases, such as inflammation (1), malignancies (2),
diabetes (3), hypertension and cardiovascular disease (4). It has been demonstrated that
changes in structures and patterns of microcirculation can be considered as an early

Correspondence: Dr. Ruikang K. Wang, Department of Bioengineering, University of Washington, 3720 15th Ave NE, Seattle, WA,
98195, USA. wangrk@uw.edu.

Disclosure

The authors state no financial conflict of interest for this study.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Men et al.

2. Method

Page 2

symptom to distinguish pathema from normal conditions (5,6). Therefore, being able to
qualitatively visualize and quantitatively measure skin microvasculature are critical in
detecting the changes at the earliest possible time point and potentially identifying diseases
prior to clinical diagnosis (7).

Currently, several optical-based imaging techniques have been employed to investigate the
skin microcirculation system. Capillaroscopy is one of the most prevailing non-invasive
method in the microvascular study (8). With a magnification up to 200x, it can visualize the
capillaries and provide microcirculation pattern especially in nail fold, lips and mouth.
Laser-Doppler perfusion imaging (LDPI) is another non-invasive technique that can be used
to obtain the perfusion images and measure the average speed of flow by using the Doppler
frequency shifts with scanning light scattered from moving blood cells (9). Photoacoustic
microscopy (PAM) is an optical-ultrasonic dual-modality imaging technique capable of
extracting vascular image map in vivo, which has been applied to study the microcirculation
in nevus (10), nail fold (11) and palm (12).

Optical coherence tomography (OCT) is a promising imaging technique, allowing non-
invasive, three-dimension, high resolution imaging of biological tissues (13,14). As a
functional variation of OCT, optical microangiography (OMAG) is capable of extracting
vascular system map from the structural tissue with the resolution up to capillary level (15—
18). Nowadays, OMAG technique has been demonstrated as a powerful tool applying in
dermatology to qualitatively visualize microvascular structures and make quantitative
measurements on vessel density (19-23). However, no study has demonstrated the
repeatability of vessel density in OCT images. Knowledge of the reliability of vessel density
in OCT images is essential not only for the improvement in clinical practice, but also in the
continuous development of OCT based angiography techniques for dermatology
applications. In the present study, we aim to use OMAG to visualize the vascular imaging
and quantify the vessel density of human arm skin in healthy subjects. We evaluate the
repeatability of the measurement as well to inspect the reliability of our instrument as a
diagnostic tool in clinical practice. To the best our knowledge, this is the first study that
demonstrates the repeatability of quantification of vessel density in OCT angiography
images of human skin.

Subjects and System setup

This study was approved by the institutional review board of University of Washington.
Written informed consents were obtained from all the volunteers before imaging, following
the Declaration of Helsinki. For this prospective study, volunteers aged > 18 years old with
no history of dermatology and medical issues on the interest regions were include. Exclusion
criteria were any clinical or history evidence of skin disease, wound, nevus, birthmark or
tattoo in the scanned regions.

Four locations on the right arm, including volar wrist, volar forearm, shoulder and volar
upper arm, were scanned using a 100-kHz prototype swept source OCT (SS-OCT) system.
The SS-OCT system worked at a center wavelength of 1300 nm and an effective axial
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resolution of 15 pm, similar to our previous studies (24). A handheld probe specifically
designed for dermatological applications was adopted for easy access to various skin sites.
Before imaging, each subject seated and acclimatized to the imaging position for 5 min. The
probe was held gently in contact with the skin of the subject, where a drop of mineral oil
was added as the refractive index matching medium to reduce the specular reflection at
surface. The OCT beam was focused at ~250 pm below the skin surface for subsurface
imaging of the vascular network in the dermis layer. With a 5x microscope objective lens,
the lateral resolution was measured to be 15 um at the focus.

Imaging protocol

Imaging protocol was similar to that used for optical coherence tomography angiography
(OCTA) data acquisition that was adopted in retinal imaging (16,18,25,26). In this protocol,
500 transverse positions with 5 repetitions at each Y-direction (slow scan) position (a total of
2500 cross-sectional B-frames) were acquired. Along the X-direction (fast scan),
galvanometric scanner was operated at a frame rate of 167 Hz with 500 A-lines and 100 fly-
back lines (duty cycle 83%). Such scanning covered a field of view (FOV) of 7 x 7 mm?2
with sampling spacing of 14 um between adjacent A-lines and 14 pm between adjacent B-
frames. The total acquisition time of each 3D volume (corresponding to 500 (X) x 2500 (Y)
x 1280 (Z) voxels) was 15 s, which is tolerable for human subjects. Every subject went
through three repeated imaging sessions in a single visit by the same operator. The imaging
region of interest was re-positioned in the next scan, and the timing separation between
scans was roughly 5 min.

The OCT cross-sectional structural image was obtained by averaging the 5-repeated OCT
signals at the same spatial position. Therefore, one volume scan consisted of 500 such cross-
sectional OCT images to reveal depth-resolved microstructural tissue information. To
delineate the microvascular network, inter-B-frame complex ED-OMAG algorithm was
applied (27,28) to the 5 repeated B-frames at each position, generating 500 cross-sectional
blood flow images and further reconstructed into one 3D dataset. Vasculatures of the
papillary dermis layer and the reticular dermis layer were separated through an automatic
segmentation approach (29,30). By using the structural images, the boundary of the
epidermis and dermis was determined by detecting the peak value of the OCT signal
intensity. As shown in Figure 1(b) and (c), the first dashed line from the top is considered as
the interface between the epidermis layer and dermis layer. Then the interface (the first line)
was moved downward (depth direction) 150 um and 850 pm, respectively, which were
considered as the boundary (the second line) of the papillary layer and the reticular layer and
the lower bound (the third line) of the dermis layer. The three boundaries were applied to the
vascular image to finish the automatic segmentation. The vascular enface images for
papillary layer, reticular layer, and the whole dermis layer were generated by maximum
intensity projecting (MIP).

Vessel density

To calculate vessel density, firstly, all the en face images were binarized. The threshold of
each image was determined by the mean pixel value. Values that are below the threshold
were set to zero (black) and those above the threshold were set to one (white). The white
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pixels represent the area of vessel and black pixels represent the background. \Vessel density
is defined as the percentage of the area occupied by vessels in the image, which is given by
(31,32):

Z(m,y)EareaU(xa Y) 1, if (x,y) is inside a vessel

VD= Sarea i@ y)= { 0, if (x,y) isoutside a vessel (1)

where the VD s vessel density, S;req is the total number of pixels in the scanning area, and
the numerator indicates the number of pixels which were detected as vessels.

Statistical analysis

Statistical analyses were performed with SPSS software (V24.0, IBM Corp., Armonk, New
York, USA) and JMP software (Pro 10.0.0, SAS Institute Inc., NC, USA). The results were
based on the three measurements and presented as the meanSD. The repeatability for the
vessel density measurement of tissue region of interest was evaluated by the coefficient of
variation (CV) and intraclass correlation coefficient (ICC). The coefficient of variation
obtained for each subject was calculated and averaged among the 15 subjects. The ICC was
used to measure reliability and a higher ICC commonly indicated better repeatability of the
method. ICC less than 0.4 is considered as poor, between 0.4 and 0.6 as fair, between 0.6
and 0.8 as good and higher than 0.8 as excellent (33). One-way analysis of variation
(ANOVA) was used to evaluate the agreement between the four positions. A P-value < 0.05
was considered as statistically significant.

3. Results

A total 15 healthy individuals participated in this study, consisting of 6 males and 9 females.
All of them were Asian. The average age was 30.0+3.6 years old (range from 21 to 37 years
old).

Typical vascular en face images of whole dermis layer, papillary layer and reticular layer are
shown in Figure 2. This example comes from a 33-year-old healthy woman.

The VD, CV and ICC of papillary layer, reticular layer and whole dermis layer for the four
locations are summarized in table 1. For papillary layer, reticular layer and the whole dermis
layer, the mean vessel density was similar in the three sessions. The whole dermis layer of
upper arm had the lowest CV of 2.0% and the reticular layer of shoulder had the highest CV
of 8.1%. For all layers in the four locations CVs were better than 8.2%, demonstrating a
good repeatability. In addition, the ICC values range from 0.811 to 0.940 in papillary layer,
from 0.935 to 0.969 in reticular layer and from 0.854 to 0.943 in the whole dermis layer,
respectively.

The mean VDs of the four locations, in all the three layers are shown in table 2. For each
layer, the wrist has the highest VD, followed by upper arm, forearm and shoulder. Analysis
of variation (ANOVA) showed that there was no statistically significant difference between
the four locations in all the three layers.
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4. Discussion

OCTA/OMAG provides an ability to non-invasively image the skin tissue beds, which has
been used to visualize microvascular networks in acne (20), nail (34), scars and lesions (35).
In the present study, using a faster SS-OCT system setup, we obtained high-quality images
of vessel networks located within papillary layer, reticular layer and whole dermis layer, and
quantified the vessel density of the three layers on wrist, forearm, shoulder and upper arm.

In the scanning period of each subject, we made effort to keep equal experimental conditions
for our study, such as procedural protocol, environment temperature and experimental time.
For the whole dermis of all the four locations, the CVs were no more than 2.7% and the ICC
were higher than 0.854, demonstrating an excellent repeatability of VD measurement.

The VD between the four locations in all the three layers showed no statistically significant
difference. This result is important for clinical translation of the OCTA/OMAG to image the
skin tissue beds, to improve the diagnosis and treatment. For example, in the recovery
process of large-area skin burns, the vascular density of the skin at the burn site needs to be
monitored and thereafter compared to the normal area. If the skin of one site (such as the
forearm) happens to be all burned, it is impossible to make comparison in the same area. At
this point, the comparison between the burning wound with the normal skin of other parts
(such as the upper arm) may be a practicable approach in the monitoring of recovery
process.

One limitation of our study is that the size of sample is still relatively small (15 subjects).
Another limitation is that we only established repeatability in healthy subjects. Patients with
vascular diseases could further degrade the repeatability of the exam. Changes in
morphology of vascular vessels could affect the dermal-epidermal junction, which will also
potentially make it harder for the segmentation algorithms to automatically segment the
physiological layers of epidermis, papillary dermis and reticular dermis, leading to reduced
accuracy of vessel density measurements. Future repeatability studies should be able to
resolve these concerns better.

In conclusion, our study has provided a noninvasive method to imaging vascular system
using OMAG. Excellent repeatability of arm skin vessel density was obtained in healthy
Asian subjects. The result also showed no significant difference of vessel density between
wrist, forearm, shoulder and upper arm. These finding may help understand the variation
within subjects and provide important information in distinguishing various skin
abnormalities in patients.
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(b) Structure B-scan

Epidermis Papillary layer

Reticular layer

(c) Vasculature B-scan
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Figure 1.
(a) The arm photo of one volunteer. The box shows the imaging regions of interest at the

wrist, forearm, shoulder and upper arm. (b, ¢) OCT cross-section images on forearm. (b)
structure image; (c) OMAG image. Three layers (epidermis, papillary and reticular) are
highlighted by three interfaces (dashed line).

Skin Res Technol. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Men et al.

Page 9

Papillary layer Whole dermis layer

Reticular layer

Figure2.
Typical en face images of the whole dermis layer, papillary layer, reticular layer respectively

obtained from three repeated imaging sessions on one subject.
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