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Abstract: When imaging birefringent samples using optical coherence tomography angiography
(OCTA), the phase retardation may appear opposite to the phase change due to the blood flow in the
orthogonal signals, for which a cancellation effect can occur when deriving OCTA signals. This
effect can diminish the ability of OCTA to detect vascular information, leading to an erroneous
interpretation of the final OCTA images. To mitigate this issue, we demonstrate polarization-
sensitive optical coherence tomography (PS-OCT) to image microvascular information within a
living sample without polarization induced artifacts. The system is furnished with a swept source
OCT (SS-OCT) that incorporates two imaging modes: OCTA imaging and polarization-sensitive
imaging. PS-OCT is used to provide birefringent contrast where the color-encoded Stokes
parameters are used to obtain high contrast polarization-state images. OCTA is used to acquire
high-resolution images of functional microvascular networks permeating the scanned tissue
volume. Taking the advantages of the dual-channel PS-OCT configuration, the polarization
induced artifacts are eliminated from OCTA vascular imaging. The proposed PS-OCTA system
is employed to visualize the birefringent components and the vascular networks of the human skin
in vivo. It is expected that the proposed system setup would have useful and practical applications
in the investigations of the vasculature in the birefringent tissue samples both pre-clinically and
clinically.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

A non-invasive tool that integrates complementary imaging contrasts to simultaneously provide
the 3D microanatomy and micro-vascular networks within skin tissue is needed for more accurate
evaluation of pathological conditions in dermatology, such as skin burn, skin cancer, diabetes
and plastic surgery. Optical coherence tomography (OCT) is a non-invasive imaging technique
that can generate cross-sectional images of highly scattering sample, enabling the visualization
of 3D microstructures with high resolution (1-20 um) [1]. The functional extensions of OCT:
OCT-based vascular imaging (e.g., Doppler OCT [2-4], OCT angiography (OCTA) [5-9])
and polarization sensitive OCT (PS-OCT) [10-14] are the ideal tools, if integrated together,
to visualize the depth-resolved vasculature and the birefringent components (tendon, muscle,
collagen and nerve fiber bundles) embedded within the skin tissue.

Recently, several dual-modal imaging systems that incorporates Doppler OCT/variance/Correlation-
mapping OCTA (cmOCTA) into Jones-matrix PS-OCT have been reported [13,15-19], where
both the birefringent and vascular information can be provided simultaneously. However, there
are some limitations in these PS-OCT imaging systems. Due to the use of Doppler principle, its
sensitivity to blood flow is low that makes it difficult to visualize microcirculations, particularly
within the human skin, where the blood flow within the capillary vessels is in an order of
0.1-0.9 mm/s [20]. The cmOCTA can extract the microvascular information but it is sensitive to
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the noise in the relatively low backscattering regions [5], which would induce residual background
artifacts in the blood flow images.

Optical coherence tomography angiography (OCTA), capable of achieving unprecedented
flow sensitivity down to capillary level [5,8], is a promising tool for mapping the high SNR
microvasculature within skin. However, there is a potential polarization-induced artifact due
to the polarization mismatch between the sample beams and reference beams in the traditional
OCTA imaging. Both the system itself and the birefringent sample can generate the polarization
artifacts. At the system level, the system-induced polarization artifact, also called the fading
effect [21] can be eliminated by carefully aligning the polarization states between the sample
and reference beams. However, when imaging the birefringent sample, such pre-alignment
treatment is difficult to achieve because the polarization states of the light beams scattered back
from the sample are dependent on the un-known birefringent properties of the sample. Both the
OCT structural and vascular images can be affected by this problem, but the vascular imaging
is affected more seriously. One reason is that the mismatch of the polarization states between
the two arms can reduce the signal strength of the coherence signals (i.e. the fading effect)
and hence reduce the sensitivity of the OCTA measurement. Another factor that affects the
OCTA signal is the phase retardation of the birefringent sample. The birefringent property of the
sample may cause two orthogonally polarized rays experiencing different optical path lengths
(OPL) or phase retardation. In the traditional OCT, only the projections of the two orthogonally
polarized rays onto the polarized direction of the reference light are detected. Due to the phase
retardation between the two rays, the phase shift due to the blood flow can appear as an opposite
change in the orthogonal signals, for which a cancellation effect can occur when deriving OCTA
signals. This effect can diminish the ability of OCTA to detect vascular information, leading to
erroneous interpretation of the final OCTA images. Note that, other imaging modalities such as
speckle-variance and correlation-mapping OCTA that only utilize intensity to extract the vascular
signals could be affected less by the polarization-induced cancellation effect. To mitigate this
issue, the two orthogonal states of light emerging from the birefringent sample must be detected
separately. For doing so, PS-OCT imaging configuration would be ideal.

In this study, we propose a dual-functional imaging system that integrates PS-OCT with the
OCTA setup to provide polarization-artifact (PA) free microvascular images as well as high
contrast birefringent images of the skin. OCTA images are acquired from two channels in the
PS-OCT configuration, respectively, which are then combined to generate the final PA-free OCTA
image. For polarization sensitive imaging, the algorithm of color-encoded approach [14] is used
to obtain high contrast polarization-state images, in which three primary colors of red, green,
and blue are used to code Stokes parameters of Q, U, and V, respectively. With this method,
the comprehensive birefringent information (i.e. the phase retardation and three-dimensional
axis orientation) can be presented simultaneously in one color image with high contrast. Unlike
the previous studies [22] that deduce stoke vectors which are difficult to provide one-to-one
correspondence between the polarization state and the measured value, the color-encoded
parameter can present a unique polarization state with a unique color in the image. The proposed
dual-functional PS-OCTA imaging system is demonstrated by in vivo imaging of human tissue
to visualize its birefringent information and microvascular networks.

2. Materials and methods

2.1.  Dual-functional optical coherence tomography imaging system

Schematic setups for the dual-functional PS-OCTA and a traditional OCT are shown in Fig. 1,
where a swept source configuration is implemented. Both systems used a 100-kHz MEMS-VCSEL
swept laser source (SL1310V1-20048, Thorlabs), providing an output power of 25 mW with a
central wavelength of 1310 nm and a spectral tuning range of 100 nm. For PS-OCTA imaging
(Fig. 1(a)), the output of the light source was sent to a polarization controller and became linearly
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polarized through a polarization beam splitter (PBS 1) (PFC1310A, Thorlabs), and then split
into the reference and the sample arms through a PM coupler (PN1310R5A2, Thorlabs) at a
split-ratio of 50:50. The reference arm was installed with a quarter-wave plate (QWP) with its
axis aligned at 22.5° with reference to the input polarization state, ensuring that the reflected light
was coupled equally into the vertical and horizontal channels. The sample arm was equipped
with a QWP aligned at 45° with respect to the input polarization state, which makes the linearly
polarized light to become a circularly polarized light before illuminating the sample. The lights
coming back from both the reference and sample arms were recombined and sent to the PBS1
and PBS2, respectively, where the interference light was split into horizontal (Channel 1) and
vertical (Channel 2) components. Balanced detection was used for both vertical and horizontal
channels to collect the interference signals, upon which to reconstruct the OCTA and PS-OCT
images simultaneously.
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Fig. 1. Schematic of (a) dual modality PS-OCTA system and (b) the traditional SS-
OCT system. SS: swept source; PC: polarization controller; OC: optical circulator; PBS:
polarization beam splitter; PM-coupler: polarization maintaining coupler; QWP: quarter
wave plate; PD: photo detector; CH: channel. OCTA: optical coherence tomography
angiography via OMAG algorithm. Data processing flow chart of the dual modality imaging
system is also shown in (a).

In order to show the advantages of the PS-OCTA, we also established a traditional OCT system
(Fig. 1(b)) for the purpose of comparison of imaging performances. In this system, the output of
the light source was sent to a polarization controller, and then split into the reference and the
sample arms through a normal fiber coupler at a split-ratio of 50:50. The lights coming back
from both reference and sample arms were recombined and sent to the photodetector, where
balanced detection was employed to collect the interference signals that were used to reconstruct
the traditional OCTA images.
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2.2. Imaging protocol

We used a same imaging protocol for both the systems. Briefly, to image the capillary level
microvasculature, ultrahigh sensitive OMAG scanning protocol was adopted [8]. Each B-scan
contained 400 A-lines with 180 Hz framerate. 400 B-scan locations with 7 repeated B scans
at each location were acquired to form the 3D imaging data. Thus, each data set contained
1,120,000 A-lines, taking 15.4 s to acquire.

For PS-OCTA imaging, complex OCT image Cy v(x,y,2) = Agy(x,y, 2)e?v Y3 was first
reconstructed following traditional OCT processing, where Ay v (x, y, z) is the magnitude used
to produce the conventional structural images, ¢p v(x,y, z) is the phase signal caused by the
microstructures located at the depth z. The subscripts H and V denote the horizontal and vertical
channels, respectively. Then the PA-free OCTA image and the PS-OCT image are both obtained
in parallel from this complex image.

To realize OCTA, the OMAG algorithm was applied to each channel to extract the blood flow
information within the scanned tissue. The intensity of the blood flow image was calculated by
the following equation:

_— 1 N-1 . ;
1790 y.2) = [1 = Norm(Iy (.3 D) D 1G9 = Gy 2l ()

where Iy v (x,y, z) is the OCT structural signal; CZ,V(X’ ¥, z) is the complex OCT signal containing
both amplitude and phase information in the i’ th repeated B-scan, N is the number of B-scan
repetitions, Norm(I(x, y, 7)) is the normalized structural signals which brings the values in the
image to a range between 0 and 1, which helps remove the hyper-reflection artifacts. The PA-free
OCTA image Ippac(x, y, z) was obtained by:

Tomac(x.3,2) = 1M (x,y, 2 + [PMAG(x,y, ). @)
To obtain PS-OCT images, Stokes parameters (I, Q, U and V) were calculated by:

I=Ap(x,,2)" +Ay(x, 5,2
0 = Ap(x,y.2)* - Ay(x,y,2)°
U = 2(Au(x, y, 2)Av(x, y, 2)cos(pv(x, y, 2) — ¢r(x, y,2))
V =2(An(x,y, 2)Av(x, y,2) sin(pv(x, y, 2) — ¢u(x, y, 2)).

3

The primary colors of red, green and blue were used to code each Stokes parameter of Q,
U and V, respectively, to result in one final image for the visualization of the polarization
state, representing the birefringent property of the probed sample. A Poincaré sphere whose

surface represents all the polarization states is color-encoded by this method [14], where the

Ap(x,,2)
Ay(x,y,2)

phase retardation 6(x,y,z) = tan™! [
— vy ) —pn(x.y,2)
G(X’y7z) - % [23]

and the relative orientation of the optic axis

2.3. Cause and removal of the polarization-induced artifacts in OCTA

The generation and removal of the polarization-induced artifacts in the microvascular imaging are
discussed below. To consider the polarization property of the probing light in the OCT imaging,
we consider the two orthogonal rays whose difference is the phase retardation. Note that in the
absolute coordinate system, the direction of these two orthogonal polarized rays is determined by
the orientation of the birefringent sample. Since the polarization state of the reference beam is
constant, the projection values of the reference beams onto these two rays are dependent on the
orientation of optic axis of the sample, which is un-known and varies from region to region. This
is why the sample-induced polarization artifact is inevitable in the traditional OCT system. When
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the polarization direction of the reference beam is parallel to the horizontal ray, the coherent
interference in the vertical direction would be totally lost, and vice versa. As a result, the signal
strength and the sensitivity of the blood flow will be reduced. In this case, the PA is introduced
by the orientation of the sample rather than the phase retardation of the sample. This is the first
type of the sample-induce PA.

The phase retardation can also induce another type of PA. In this case, the reference beam
is not parallel to each of the rays. As orthogonal polarizations are independent, the coherence
signal in each polarized ray can be evaluated independently. In the traditional OCT, the detected
interference signal I(w, Az) is the superposition of the coherence signals at each polarized ray,
ie., [(w,Az) = 2E,qgEycos(2knpz) + 2E,vEsycos(2knyz), where Eg y is the backscattering
from the reference and sample, k = 27/A the wavenumber, ngy the refractive index of
the birefringent sample corresponding to each polarized direction. Complex depth-resolved
signal C(z) can be reconstructed by performing the Fourier transformation on /(w, Az):C(z) =
Ap(2)e"@ + Ay (2)e™#vD, where A y(z) is the magnitude used to produce the conventional OCT
structural images, ¢x v(z) is the phase signal at the depth z. When there is blood flow within
birefringent tissue, both the motion of the red blood cells (RBCs) and the birefringence of the
tissue can induce phase shifts. The phase shift due to the blood flow ¢,(z, t) is equal in both
the polarized planes assuming the RBCs are non-birefringent. However, the phase shift due to
the tissue birefringence generates a phase retardation ¢,(z) between the orthogonal polarized
planes. ¢p(z, 1) is time-dependent, whereas ¢,(z) is constant. Hence, the corresponding complex
depth-resolved signal C(z, f) can be expressed as

Clz,1) = AH(Z)ei[‘PH(Z)‘HPb(ZJ)] + AV(Z)ei[WH(Z)+<Pt(Z)+<Pb(ZJ)]' )
The OCTA signal can be expressed as:

Towso(@) = 11 = Norm(T@) 1= ' 1ACH() + ACY(2), )

1

where ACy y(z) represents the difference of the complex signals Cp y(z) between two successive
B-scans. When ¢;(z) is near the integral multiple of 7, two effects can be expected. First, the
complex signal C(z,?) is diminished because the signals from the two orthogonal planes could
cancel each other, which is the fading effect as discussed in the previous study [21]. Second,
the OCTA signal determined by the difference between adjacent complex signals can also be
obscured because the phase shift due to the blood flow may appear as an opposite change in
the orthogonal signals (i.e. ACy(z)*ACy(z)<0), for which a cancellation effect can occur when
calculating OCTA signals. In practice, ¢;(z) can be any value. Compared to the extreme cases
above, the cancellation effect decreases in various degrees but still exists and affects the OCTA
signals. For these reasons, the microvascular information can be obscured in the OCTA images
of the birefringent tissue. By using the PS-OCT detection configuration, the orthogonal polarized
light beams are detected separately. The OCTA signals could be calculated in each channel
(Eq. (1)), which are then combined as shown in Eq. (2). In this way, the cancellation effect can
be avoided, resulting in PA-free OCTA images.

3. Results and discussion

To demonstrate that the dual-functional PS-OCTA imaging system can provide the PA-free
microvascular images, we conducted the in vivo OCTA imaging of human skin tissue. For
comparison, we also performed traditional OCTA imaging. Here the highly birefringent palm
skin of a healthy volunteer’s right hand was selected for demonstration. To enhance the imaging
depth, a drop of the glycerol solution covered with a thin glass slide was applied on the skin
surface for refractive index matching [24]. We employed an objective lens with 36 mm focal
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length, which provided ~20 um lateral resolution. The sampling spacing in the scanning was 10
um in X and Y directions for a fine visualization of both the structure and vasculature of human
skin. Field of view of the images was 8 x 8 mm?. To ensure the area imaged by both systems
(Fig. 1) was the same, we marked the target skin area with a very small piece of tape that was
used the guide to align the system scanning during imaging.

Figure 2 shows the OCTA and the structural OCT images captured by both the systems. In the
structural OCT image (Figs. 2(e)-2(g), shown in cross-sectional structural images), the stratum
corneum is well delineated. The thickness of the stratum corneum was measured to be ~200 um,
within which the blood vessels are devoid as evidenced by the cross-sectional OCTA images in
Figs. 2(a)-2(d). Right beneath the stratum corneum, the blood vessel networks appear. Note that
the triangular shape appearing at the lower right corner is the imaging guidance marker that was
used to guide the imaging of the two systems to target the same area. Figure 2(a) is the traditional
en face maximum intensity projection (MIP) microvascular image with depth-color encoding
to appreciate the depth location of the blood vessels, where microvasculature can be visualized
as expected. The shown depth was ~2 mm. The red color codes the deeper vessels while the
green color denotes the shallow vessels. However, there appears some dark bands where the
OCTA signal strengths are relatively weak (e.g. in the bottom region). It can be seen that the
orientation of the dark bands is approximately perpendicular to the orientation of the fingerprint.
We selected the B-scan frame across the dark band and show this B-scan cross-sectional OCTA
image in Fig. 2(a), where the microvascular signals appear less abundant in this region. Vessel
density (VD) within selected areas (2 X 2 mm?) in the en face image as indicated by the yellow
and red boxes in Fig. 2(a) was calculated [25], which would expect to deliver a similar value
due to relatively uniform distribution of vascularity in this healthy palm skin. However, the VD
values in the upper and bottom box-region are 43% and 37% respectively, showing that part of
the vascular signals in the bottom region are obscured by the PA due to the birefringence of the
tissue. These results show possible erroneous interpretation of conventional OCTA images.

Figures 2(b) and 2(c) show the en face MIP microvascular image with depth-color encoding
acquired from the two orthogonal polarized channels (Channel 1 and Channel 2) in the PS-OCTA
system respectively. It appears that the two orthogonal polarization states provide anatomically
distinct blood vessel networks which are located at different physical depths within the birefringent
skin. Together with polarization sensitive images (Fig. 3, see below), blood vessels along with
the ridges of the fingerprint can be easily visualized in Channel 1 whereas it is hard to appreciate
in the Channel 2. Channel 2 shows strong blood vessels signals that appear relatively weak
in the Channel 1. The opposite trend in the OCTA signals in horizontal and vertical channels
agree well with the polarization theoretical framework, demonstrating that the mismatch of the
polarization states of the reference beam and the sample beam can obscure blood flow signals.
However, the two orthogonal polarized channels can provide complementary OCTA signals. The
OCTA signals diminished by the PA in one channel can be captured by the other channel. Hence,
combining the OCTA images in the two channels can help to remove the polarization induced
artifacts.

Figure 2(d) shows the PA-free OCTA images and the corresponding cross-sectional image,
respectively, where the abundant blood vessel information is provided without the dark band
generated due to the PA as shown in Fig. 2(a). The missing (or attenuated) vascular information
in either Figs. 2(b) or 2(c) are now recovered in Fig. 2(d) because the complementary information
was combined. The cross-sectional image in Fig. 2(d) provide the abundant vessels information
in the region where the OCTA signals are diminishing due to the PA in the Fig. 2(a). The
average VD values in the upper and bottom regions indicated by the red and yellow boxes are
45% and 46%, respectively, which is expected from the uniform distribution of vascularity in this
healthy palm skin. These results demonstrate that polarization induced artifacts can be avoided
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Fig. 2. The OCTA and OCT structure results obtained from a birefringent skin tissue (palm).
The microvascular OCTA en face image and the cross-sectional image corresponding to the
position indicated by the white dash line resulted from (a) the traditional SS-OCT; (b) and
(c) the horizontal (CH 1) and vertical channels (CH 2) of the PS-OCTA imaging system.
(d) The PA-free microvascular OCTA en face image and the corresponding cross-sectional
image. The structural OCT en face image and the cross-sectional image corresponding to
the position indicated by the white dash line resulted from (e) the traditional SS-OCT; (f)
and (g) the horizontal (CH 1) and vertical channels (CH 2) of the PS-OCT imaging system.
(h) The combination structural en face image and the corresponding cross-sectional image.
The scale bar is 2 mm.

—BA
—Non BA

m

20 40 60 80
Retardance (deg.)

Fig. 3. Volumetric polarization state images of healthy palm skin in vivo. a) Images resulted
from using phase retardation as the imaging parameter; b) Results using the polarization
sate as the imaging parameter; c) Traditional OCTA en face image. d) The histogram
distributions of retardation values obtained from the ROI indicated by the yellow (PA region)
and red box (non-PA region) in (a) and (c), respectively. The scale bar =2 mm.
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by combining the OCTA images captured by the orthogonal polarized channels in PS-OCTA
system.

The advantage of PS-OCTA is that the polarization sensitive images of the scanned tissue
volume can also be obtained in parallel in addition to the PA-free OCTA images. We used the
same dataset in Fig. 2 to obtain the 3D images and corresponding cross-sectional images of the
phase retardation (Fig. 3(a)) and polarization state images (Fig. 3(b)). The PS-OCT images in
Figs. 3(a) and 3(b) are the 3D volume images created by the software ImagJ. In doing so, we first
flattened the volume with reference to the surface of the tissue, and then removed the superficial
stratum corneum layer (~100 um) with low birefringence. The birefringent material that gives
rise to the measured retardance could be due to the fibrillar dermal collagen. The estimated
birefringence of the dermal collagen is around ~0.3° um~! [26] and hence the physical distance
required to accumulate the pi phase difference between orthogonal states should be around 300
pm. To demonstrate that the phase retardation of the sample can induce the PA, the distributions
of the phase retardation values obtained from the PA regions (indicated by the yellow boxes in
Figs. 3(a) and 3(c)) and the non-PA regions (indicated by the red boxes in Figs. 3(a) and 3(c)) are
shown in the histogram in Fig. 3(d).

For comparison, the traditional OCTA results (Fig. 3(c)) is also presented to show how
the birefringent property would affect the OCTA signals. In the traditional OCTA 3D image
(Fig. 3(c)), the regions where the vascular signals are relatively weak are indicated by the dashed
yellow outlines. In these regions, the dominate color in the phase retardation image (Fig. 3(a)) is
green (~75°-90°) as shown in the histograms in Fig. 3(d) while other regions have lower phase
retardation values (~20°-60°). Due to round-trip measurement, the phase delay between the two
orthogonal rays scattered back from this region is close to pi, which can diminish the OCTA
signals and generate the PA. The cross-sectional images were selected at the region indicated by
the white dash lines in Figs. 3(a)-3(c). In the cross-sectional image in Fig. 3(a), the average phase
retardation value of the region indicated by the black box is around 86.7°, which is responsible for
causing the PA. In this region, the blood vessels signals, especially the microvascular signals are
relatively weak as shown in the cross-sectional images in Fig. 3(c), demonstrating that vascular
signals are diminishing by the phase retardation induced PA.

The polarization sensitive results (Figs. 3(a) and 3(b)) show the architecture that resembles the
fingerprint features of the human palm skin. In the phase retardation image (Fig. 3(a)), the ridges
and papillae can be approximately appreciated. The phase retardation values of the ridges and
papillae are close (with average values of 2.88 (rad.) and 2.76 (rad.), respectively). Figure 3(b)
shows that polarization state image of the sample provides a comprehensive and un-ambiguous
image in visualizing the architecture of the human palm skin. In the polarization state image,
the amorphous components within the tissue can be removed easily [14], and therefore the
texture of the strong birefringent component: the papillae and the ridges can be extracted and
differentiated. The texture structure shows the collagen organizations between the papillae and
ridges are cross-type.

While we have demonstrated the usefulness of the proposed PS-OCTA imaging system, further
improvement is required to include treatments that reduce the artifacts induced by the cross-
coupling between orthogonal polarization modes within the PM fibers. This cross-coupling effect
in the PM fibers could make vertical offset copies of the OCT image appearing above and below
the real sample, potentially degrading the image quality and affecting quantitative measurements
of the tissue birefringence and blood flow. There are two potential solutions to mitigate this issue:
1) using a long PM fiber segment to displace the artifacts out of the OCT ranging distance [27];
and 2) using the wavelet-FFT filtering post-processing algorithm to remove the artifacts [28]. In
doing so, more accurate quantitative measurements of the polarization parameters and blood flow
information can be obtained in parallel, useful for assessing pathological states of the sample, for
example in the assessment of the burn pathological models in the course of disease development.
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4. Conclusion

In conclusion, we have demonstrated a dual functional PS-OCTA imaging system that can provide
3D polarization-artifact free microvascular images and high contrast polarization sensitive images
simultaneously with one measurement. We have experimentally shown that by utilizing the
detections in the orthogonal channels of the PS-OCT configuration, the polarization-induced
artifacts in the OCTA images can be avoided. It is hoped that the proposed PS-OCTA imaging
would be useful in the practical investigations of microvascular and birefringent tissue involvements
in the disease development both pre-clinically and clinically.
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