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Zebra¯sh is an important animalmodel, which is used to study development, pathology, and genetic
research. The zebra¯sh skin model is widely used in cutaneous research, and angiogenesis is critical
for cutaneous wound healing. However, limited by the penetration depth, the available optical
methods are di±cult to describe the internal skin structure and the connection of blood vessels
between the skin and subcutaneous tissue. By a homemade high-resolution polarization-sensitive
optical coherence tomography (PS-OCT) system, we imaged the polarization contrast of zebra¯sh
skin and the zebra¯sh skin vasculature with optical coherence tomography angiography (OCTA).
Based on these OCT images, the spatial distribution of the zebra¯sh skin vasculature was described.
Furthermore, we monitored the healing process of zebra¯sh cutaneous wounds. We think the high-
resolution PS-OCT system will be a promising tool in studying cutaneous models of zebra¯sh.

Keywords: Polarization-sensitive optical coherence tomography; optical coherence tomography
angiography; zebra¯sh; skin vasculature.

1. Introduction

Cutaneous wound healing is a complex multi-step
process including hemostasis, in°ammation, prolif-
eration, and maturation.1,2 In the proliferation
stage, endothelial cells form a microvascular net-
work through angiogenesis.3 In the subsequent
maturation stage, new skin tissue is established
through the degeneration of excessive capillaries.
Thus, angiogenesis is an essential part of the

cutaneous wound healing process. It has been

demonstrated that adult zebra¯sh and adult mam-

mals have consistent major steps and principles of

cutaneous wound healing.4 Therefore, the zebra¯sh

has become a valuable model for studying cutane-

ous wound healing.5

Imaging of zebra¯sh skin is mainly based on
°uorescence microscopy, coupled with imaging of
methylene blue staining.6,7 The imaging of
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methylene blue staining is used to assess the re-
covery degree of cutaneous wound healing, and
°uorescence microscopy provides high-resolution
imaging analysis. However, speci¯c °uorescent
labels are needed for di®erent tissues of zebra¯sh
skin, and complex pretreatments are often required
before imaging.8,9 Moreover, the skin of adult zeb-
ra¯sh is not transparent due to the pigmentation,10

which decreases the penetration depth of the °uo-
rescence microscopy. The imaging ranging from the
bottom of the skin to subcutaneous tissue often
relies on ex vivo tissue slices.

Optical coherence tomography angiography
(OCTA) is an extension of optical coherence to-
mography (OCT) that facilitates the in vivo visu-
alization of the vasculature.11–14 OCTA can provide
depth-resolved microvascular information with high
spatial resolution. There have been many OCTA
imaging methods14 used to image vessels, including
phase-signal-based OCTA,15 intensity-signal-based
OCTA,16 and complex-signal-based OCTA meth-
ods.17 Polarization-sensitive OCT (PS-OCT), as a
functional extension of OCT, not only has the
advantages of OCT but also indicates the polari-
metric properties of samples. There have been sev-
eral polarization-sensitive optical coherence
tomography angiography methods to image the skin
and its blood vessels.18–21 Combining polarization
contrast (from PS-OCT) and °ow contrast (from
OCTA), more internal skin structures can be ob-
served than only using a standard OCT system.21

Several zebra¯sh studies have used the OCT system

to image skeletal22 and brain diseases.23 There also
have been some vascular studies in ophthalmology24

and embryos25 of zebra¯sh based on the OCTA. In
our previous study, we used a PS-OCT system to
image zebra¯sh muscle and analyzed its polariza-
tion characteristics.26 Although the study of the
skin of adult zebra¯sh is used as a reference for
studying adult mammals' skin,4 there is no relevant
OCTA or PS-OCT imaging research on it.

In this study, the skin of zebra¯sh was imaged
with our homemade PS-OCT system and the
OCTA image of zebra¯sh skin vasculature was
calculated. The polarization and °ow character-
istics of zebra¯sh skins at di®erent ages (2 months
and 9 months old) were investigated. Further, the
spatial distribution of the vasculature from the skin
to the subcutaneous tissue was analyzed with
OCTA information. Finally, we monitored the
healing process of zebra¯sh cutaneous wounds and
proved the applicability of PS-OCT and OCTA in
the long-term monitoring of zebra¯sh skin
vasculatures.

2. Method

2.1. Imaging system

The details of our spectral domain PS-OCT system
have been described previously,26 and only a brief
description is provided here. As shown in Fig. 1(a),
the Michelson interferometer is illuminated with a
broadband light source (BLM2-D, Superlum)

Fig. 1. (a) Experimental schematic of the PS-OCT system. Polarization optics are drawn in blue. SLD, superluminescent diode;
PC, polarization controller; FC, ¯ber collimator; POL, linear polarizer; BS, nonpolarizing beam splitter; QWP, quarter-wave plate;
DC, dispersion compensator; ND, neutral density ¯lter; RM, reference mirror; GV, galvanometer scanning mirror; SL, scanning lens;
PBS, polarizing beam splitter; SP, spectrometer; H and V, horizontal and vertical polarization state channels, respectively. (b)
Experimental schematic of the anesthesia system. A picture of the anesthesia system is placed in the upper right corner of the image.
(c) Zebra¯sh anesthesia image. The imaging area is marked by a red dashed box. The scale bar in (c) is 2.5mm.
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centered at 840 nm and a bandwidth of 100 nm. The
incident light from the light source is linearly po-
larized and split into sample and reference arms. In
the sample arm, a quarter-wave plate (QWP, at
45�) provides circularly polarized light for sample
illumination. A scanning lens (LSM03-BB, Thor-
labs) is used to scan the sample. The interfered light
from the sample arm and the reference arm is split
into two orthogonal components at the polarizing
beam splitter and acquired by two commercial
spectrometers (Cobra-S 800, Wasatch Photonics).
Our setup provides an axial resolution of �3:4�m
in air. Compared with our previous system,26 we
optimized the transverse resolution to �8�m in the
focal plane.

For this study, each spectrometer is operated at
an 80 kHz line rate. In the fast transverse scan di-
rection, each B-scan consists of 500 A-scans over
2.5mm. In the slow transverse scan direction, there
are 500 discrete sampling planes over 2.5mm. For
improving the signal-to-noise ratio (SNR) of
OCTA, eight consecutive B-scans are acquired at
each slow-scan position to suppress the noise caused
by convulsions and breathing °uctuation.27

2.2. Data processing

The scattering pattern of blood °ow varies rapidly
over time resulting in decorrelation of the received
backscattered signals at di®erent times. To improve
the SNR without increasing the scan acquisition
time, split-spectrum amplitude-decorrelation angi-
ography (SSADA)28 was used to calculate the dec-
orrelations of blood °ow and static tissues in our
study.

First, the spectrum from the spectrometers is
used as the interferogram after background removal
and resampling to k-space. The full bandwidth of
the interferogram is split via Gaussian ¯lters intoM
spectral splits. The center positions of these ¯lters
are evenly spaced across the regions of the inter-
ferogram. Then, M individual interferograms are
transformed into z-space using the fast Fourier
transform as their intensity, I. Then, the OCTA
parameter is generated from decorrelation D, which
can be described by

D ¼ 1� 1

N � 1

1

M

XN�1

n¼1

XM
m¼1

Im;nIm;nþ1

1
2 I

2
m;n þ 1

2 I
2
m;nþ1

h i ;

ð1Þ

where N is the number of B-scans taken at the same
position and M is the number of spectral splits.

For our PS-OCT system, two orthogonal signal
intensities, IH and IV (H: Horizontal, V: Vertical),
are acquired by two spectrometers. For combining
two orthogonal signal channels, three di®erent cal-
culation methods of decorrelation values are con-
sidered as OCTA parameters (Parameters 1–3) to
be compared. The decorrelation values of H and V
channels (DH and DV Þ are calculated with I ¼ IH
and I ¼ IV , respectively. Then, we de¯ne L1-norm
(D1Þ and L2-norm (D2Þ of them as OCTA Para-
meters 1 and 2, respectively,

D1 ¼ DH

�� ��þ DV

�� ��
D2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D

2
H þD

2
V

q : ð2Þ

Besides, the intensity of the OCT structural signal I
is calculated as follows:

I ¼ IH þ IV : ð3Þ
Then, the decorrelation of the intensity (D3Þ can be
calculated by Eq. (1) as OCTA Parameter 3.

2.3. Sample preparation

For phantom imaging, a polyethylene tube within a
0.05% intralipid solution was used as our °ow
phantom, and a peristaltic pump was used to gen-
erate a certain °ow velocity. For zebra¯sh imaging,
wild-type zebra¯sh of strain AB at di®erent ages
(about 2 months old and 9 months old) were used.
First, zebra¯sh were pre-anesthetized with 0.016%
tricaine solution until their gills stopped moving.
Then, for the cutaneous wound experiment, we re-
moved 2–4 scales and introduced wounds onto the
°ank of the zebra¯sh.

During the imaging, zebra¯sh were anesthetized
with our home-built anesthesia system as shown in
Fig. 1(a). A picture of the anesthesia system is
placed in the upper right corner of the image. A
zebra¯sh was mounted on a piece of cotton in a ¯sh
chamber (plastic case). The cotton acted as a sup-
port and adhesion for the zebra¯sh. The chamber
was connected to a peristaltic pump, which allowed
for 0.016% tricaine solution in a circulatory manner.
The tail and mouth regions of zebra¯sh were cov-
ered with the solution except for the imaging area
(marked by a red dashed box), as shown in
Fig. 1(b). The zebra¯sh was intubated with a
polyethylene tube, and the °ow rate was set to
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�4mL/min by the peristaltic pump. After imaging,
the zebra¯sh was perfused with fresh water
for recovery from anesthesia. All experimental
protocols using animals were approved by the In-
stitutional Animal Care Committee of Nankai
University.

3. Experimental Results

3.1. Phantom imaging

To select the best OCTA parameter for high con-
trast OCTA images, we ¯rst imaged a °uid phan-
tom with our PS-OCT system. The decorrelation
signal-to-noise ratio (DSNR)28 is used to evaluate
OCTA imaging quality. The DSNR of the °ow

phantom is de¯ned as follows:

DSNR ¼
�DFlow � �DSolidffiffiffiffiffiffiffiffiffiffiffi

�2
Solid

q ; ð4Þ

where �DFlow and �DSolid are the average decorrela-
tion values within the °ow and the solid regions,
respectively, and �2

Solid is the variance of the dec-
orrelation within the solid region.

In B-scan OCT intensity and B-scan OCTA
images [Figs. 2(a) and 2(b)], the °ow region
(intralipid °ow) and the solid region (polyethylene
tube) are marked by red and yellow rectangular
boxes, respectively. By adjusting the number of
split-spectrums and the bandwidth of each split-
spectrum, we generated a set of decorrelation

Fig. 2. The °uid phantom imaging. (a) is the B-scan OCT intensity image. (b) is the B-scan OCTA decorrelation image. The °ow
region (intralipid °ow) and the solid region (polyethylene tube) are marked by red and yellow rectangular boxes, respectively.
(c)–(e) show the relationships among the number of split-spectrums, normalized bandwidth to the system spectral bandwidth, and
DSNR by using Parameters 1–3, respectively. The normalized bandwidth is de¯ned as the ratio of the bandwidth of the Gaussian
¯lter to the half-maximum bandwidth of the light source. Scale bars in (a) and (b) are 400�m.
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images with three parameters. The DSNR was cal-
culated for each decorrelation image. Figures 2(c)–
2(e) show the relationships among the number of
split-spectrums, normalized bandwidth to the sys-
tem spectral bandwidth, and DSNR by using
Parameters 1–3, respectively. The normalized
bandwidth is de¯ned as the ratio of the bandwidth
of the Gaussian ¯lter to the half-maximum band-
width of the light source. Similar to the result in
Ref. 28, there is a maximum DSNR with each
method at the same normalized bandwidth value of
0.1 and spectral splits number of 14, marked by
white dots in Figs. 2(c)–2(e). As shown in Fig. 2(e),
the maximum DSNR value of Parameter 3 is 7.08,
which is larger than those of Parameters 1 and 2.
Therefore, the derived parameters of 14 spectral
splits and the normalized bandwidth of 0.1 were
selected to calculate the OCTA image by using
Parameter 3 in our study.

3.2. Skin images of zebra¯sh at di®erent

ages

Although the main steps and process of adult zeb-
ra¯sh cutaneous wound healing are similar to adult

mammals,4 the structure of zebra¯sh skin is di®er-
ent from that of adult mammals. The zebra¯sh skin
system includes not only the epidermis and dermis
that mammals have but also bone tissues such as
the scale. The B-scan intensity image of zebra¯sh
skin is shown in Fig. 3(a). The zebra¯sh scale serves
as a part of the skin carrier which is a thin mem-
branous bone embedded in the skin.8 The trans-
parent bone matrix of the zebra¯sh scale shows low
intensity, as circled by orange dashed curves in
Fig. 3(a). In Fig. 3(a), the small vertical lines inside
each bone matrix are radial grooves marked by red
arrows.

When performing en-face imaging on the skin, a
base plane is needed for de¯ning the depth position
of the tissue, and the skin surface is generally used
as the base plane.29 However, due to the complexity
of zebra¯sh skin structure, using the skin surface as
the base plane is hard to give a detailed description
in en-face images. In contrast, it is more reasonable
to use the basal layer of zebra¯sh skin as the base
plane, which is the basis for its skin growth. In
Fig. 3(a), the basal layer as the base plane (marked
by a yellow dashed curve) shows higher intensity
than other layers due to its pigmentation. The area

(a) (b) (c)

(d) (e) (f)

Fig. 3. The intensity and accumulative retardation images of zebra¯sh skin area at di®erent ages. (a) is the B-scan OCT intensity
image of 9-month-old zebra¯sh skin. (b) and (c) are the depth-color encoded OCT intensity images of zebra¯sh at 2 and 9 months
old, respectively. D and E represent the dermis and epidermis, respectively. (d) is the B-scan OCT accumulative retardation image
of (a). (e) and (f) are the AIPs of accumulative retardation of the 2-month old zebra¯sh and the 9-month old zebra¯sh. All scale bars
are 200�m.
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ranging from the base plane to the top of the scale
(marked by a green dashed curve) is de¯ned as the
skin area. As shown in Fig. 3(a), our OCT system
with enough penetration depth can achieve full
depth imaging of the zebra¯sh skin. Furthermore,
due to the high imaging depth of OCT, it can still
study the connection between skin blood vessels and
subcutaneous tissue blood vessels. We observed that
the detection depth of the subcutaneous blood
vessels exceeds 200�m. Therefore, the area ranging
from the base plane to the depth of 200�m is
selected as the subcutaneous tissue imaging area.

Based on the above de¯nitions, we analyzed the
skin structure and vasculature of the 2-month-old
zebra¯sh and the 9-month-old zebra¯sh. For skin
structure imaging, we calculated the depth-color
encoded OCT intensity image. The depth-color
encoded OCT intensity image is the en-face image
with depth-resolved color mapping. First, en-face
intensity images at di®erent depths were given
pseudo color according to the color bar at the top of
Figs. 3(b) and 3(c). Then, we merged those pseudo
color images to generate the depth-color encoded
OCT intensity images, whose color indicates the
depth information. The depth-color encoded OCT
intensity images of zebra¯sh at di®erent ages are
shown in Figs. 3(b) and 3(c), respectively. In
Fig. 3(b), each scale of 2-month-old zebra¯sh
(marked by a green dashed closed curve) can be
divided into two parts with high and low intensities,
which are related to the epidermis part and the
dermis part, respectively. The outer end of the scale
matrix is wrapped by the epidermis, showing a
higher intensity than the part inserted into the
dermis. Moreover, we can observe several radial
grooves (marked by red arrows) at the dermis part.
In Fig. 3(c), the scales of 9-month-old zebra¯sh are
larger than those of 2-month-old zebra¯sh. The
radial grooves in the epidermal area are marked by
red arrows.

In the accumulative retardation image [Fig. 3(d)],
the retardation of most of the skin area is low and
homogeneous. The radial grooves (marked by red
arrows) andbasal layer of zebra¯sh skin (marked by a
yellow dashed curve) show high retardation because
the radial grooves and the basal layer are bone and
collagenous tissues, respectively, which have higher
birefringence. The average intensity projection
(AIPs)30 of accumulative retardation of the 2-month-
old zebra¯sh and the 9-month-old zebra¯sh is shown
in Figs. 3(e) and 3(f) with a transparency of 0.5. We

observe that most of the skin area shows low retar-
dation. The radial grooves with high retardation are
marked by red arrows in Fig. 3(f).

The zebra¯sh, due to its stereotypic pattern of
colorful stripes, has become an important model of
color pattern formation in vertebrates.31 The
stripes, as shown in a photo of 9-month-old zebra-
¯sh skin [Fig. 4(a)], are observed as a multi-layered
arrangement in the hypodermis.31 The layers with
silvery or blue iridophores and black melanophores
are marked by two blue dashed curves. The layer
with yellow xanthophores is marked by two black
dashed curves. For analyzing the subcutaneous tis-
sue, the depth-color encoded OCT intensity images
of zebra¯sh subcutaneous areas at di®erent ages are
shown in Figs. 4(b) and 4(c), respectively. We can
observe many black melanophores points in layers
marked by two blue dashed curves. Black melano-
phores in 9-month-old zebra¯sh are denser than
that of 2-month-old zebra¯sh. For accumulative
retardation imaging, a B-scan accumulative retar-
dation image is shown in Fig. 4(d). The layer with
yellow xanthophores disrupts the retardation of the
tissue below it (marked by black dashed lines),
which may be caused by the depolarization of yel-
low xanthophores. More detailed descriptions can
be observed in AIPs of accumulative retardation of
the 2-month-old zebra¯sh and the 9-month-old
zebra¯sh [Figs. 4(e) and 4(f)]. The layer with yellow
xanthophores is pointed out by a high-value
boundary marked by two black dashed curves. The
high-value boundary is caused by the disorder of
retardation, which indicates its high depolarization.
Several myoseptum pointed out by blue arrows split
myotome with high retardation.26 The above result
shows that the intensity and polarization images
have di®erent sensitivities to di®erent pigments.
The intensity image is sensitive to black melano-
phores, while the polarization image is sensitive to
yellow xanthophores.

AIPs of OCTA are used to compare the blood
vessel distribution of zebra¯sh at di®erent ages in
our study. The AIPs of OCTA within the skin area
and the subcutaneous tissue area are shown in
Fig. 5. Figures 5(a)–5(c) and 5(d)–5(f) are corre-
sponding to 2-month-old and 9-month-old zebra-
¯sh, respectively. Figures 5(a) and 5(d) are AIPs of
the skin area. The blood vessel of 2-month-old
zebra¯sh composes a clear rhombus vasculature,
and the nodes of the vasculature (shown by a red
dashed circle) corresponds to the scale area. In
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(a) (b) (c)

(d) (e) (f)

Fig. 5. OCTA images of zebra¯sh at di®erent ages. (a)–(c) and (d)–(f) are AIPs of OCTA corresponding to 2-month old zebra¯sh
and 9-month old zebra¯sh, respectively. (a) and (d) are AIPs of OCTA within the skin area. (b) and (e) are AIPs of the
subcutaneous tissue area. (c) and (f) are the images merging the AIPs of OCTA within the skin area and the subcutaneous tissue
area. All scale bars are 200�m.

(a) (b) (c)

(d) (e) (f)

Fig. 4. The intensity and accumulative retardation images of zebra¯sh subcutaneous area at di®erent ages. (a) is the photo of a 9-
month old zebra¯sh skin. (b) and (c) are the depth-color encoded OCT intensity images of zebra¯sh at 2 and 9 months old,
respectively. (d) is the B-scan OCT accumulative retardation image of 2-month old zebra¯sh. (e) and (f) are the AIPs of accu-
mulative retardation of the 2-month old zebra¯sh and the 9-month old zebra¯sh. All scale bars are 200�m.
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contrast, the vasculature of 9-month-old zebra¯sh is
more complicated, and the nodes (shown by a red
dashed circle) present more diverse forms. For the
subcutaneous tissue area, the distribution of blood
vessels is di®erent from that of the skin area, as
shown in Figs. 5(b) and 5(e). The blood vessels are
more densely distributed, and some thicker blood
vessels (pointed by green arrows) are distributed in
the microvascular cluster. By merging the AIPs of
the skin area and the subcutaneous tissue area, we
obtained Figs. 5(c) and 5(f). The blood vessels of

the skin area and the subcutaneous area are con-
nected in some areas (marked by white dashed cir-
cles), showing the relationship between the internal
and the external distribution of blood vessels in the
zebra¯sh skin.

3.3. Spatial distribution of the skin

vasculature

Furthermore, we analyzed the spatial distribution
of the skin vasculature, as shown in Fig. 6. A part of

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 6. Spatial distribution of the skin vasculature. (a) is the depth-color encoded OCT intensity image of the scale area. (b) is
generated by merging a single scale with OCT intensity information (marked by the yellow dashed curve) and the depth-color
encoded OCT intensity image (a). (c) and (d) are B-scan OCT intensity images, corresponding to two positions of the middle area
(marked by a red dashed line) and side area (marked by a blue dashed line) in (b), respectively. (e) and (f) are their B-scan OCTA
images. (g) and (h) are the depth-color encoded OCT intensity and OCTA images, respectively. All scale bars are 100�m.
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the scale area of the 9-month-old zebra¯sh is shown
in Fig. 6(a), which is a depth-color encoded OCT
intensity image. We manually selected the single
scale areas from each en-face intensity image at
each depth and averaged intensities of selected
areas as the intensity image of the single scale. And
then, Fig. 6(a) and the intensity image of the single
scale were merged, as shown in Fig. 6(b). The single
scale area is marked by a yellow dashed curve in
Fig. 6(b). As shown in Fig. 6(b), the radial grooves
extend from the root of the scale to the outer end of
the scale.

We randomly selected two positions at the mid-
dle area (marked by a red dashed line) and side area
(marked by a blue dashed line) to analyze the axial
distribution of the zebra¯sh skin, whose B-scan in-
tensity images are shown in Figs. 6(c) and 6(d),
respectively. The area of a single scale is manually
selected by the yellow dashed curve. The scale is
inserted into the zebra¯sh skin obliquely. A part of
the scale is exposed and the other part is covered by
other scales. The skin part shows high intensity, in
contrast, the transparent bone matrix shows low
intensity. The corresponding B-scan OCTA images
are shown in Figs. 6(e) and 6(f). There are multiple
blood vessels in the single-scale area (marked by
small white dashed circles). The blood vessels in the
middle area are distributed at di®erent depths, and

those in the lateral area are distributed on the top of
the scales. The blood vessels in the middle area are
denser than those in the lateral area.

The depth-color encoded intensity and OCTA
images are shown in Figs. 6(g) and 6(h) to describe
the overall spatial distribution of a single scale. The
scale, as well as the blood vessels, gradually extend
into the skin from the top. The blood vessels in
Figs. 6(e) and 6(f) are marked in Fig. 6(h). The
blood vessels in the subcutaneous tissue extend,
from left to right, to the surface of the scale. The
two vascular bends marked by yellow dashed circles
are the position of arteriovenous exchange.6

3.4. Monitoring of zebra¯sh cutaneous

wound healing

Based on the above results, we performed imaging
analysis on cutaneous wound healing. A total of 2–4
scales were removed from the zebra¯sh, and the
injured location was imaged after di®erent times.
Figures 7(a)–7(c) and 7(d)–7(f) are corresponding
to images at half an hour and 54.5 h, respectively.
As shown in Fig. 7(a), a part of the scale missed,
which shows low intensity (marked by a red dot-
dashed closed curve). At 54.5 h, the skin has grown
in the injured area (marked by a yellow dot-dashed
closed curve in Fig. 7(d)). However, the bone matrix

(a) (b) (c)

(d) (e) (f)

Fig. 7. Monitoring of zebra¯sh cutaneous wound healing with intensity and accumulative retardation images. (a)–(c) and (d)–(f)
are images corresponding to half an hour and 54.5 h after the wound, respectively. (a) and (d) are the depth-color encoded OCT
intensity images. (b) and (e) are B-scan OCT intensity images, (c) and (f) are B-scan OCT accumulative retardation images, which
are corresponding to the positions marked by a blue dashed line and a green dashed line in (a) and (e), respectively. All scale bars are
100�m.
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has not formed. Thus, the radial grooves cannot be
observed. We selected similar positions of the zeb-
ra¯sh skin at di®erent times to analyze the axial
information of the zebra¯sh skin, marked by a blue
dashed line and a green dashed line in Figs. 7(a) and
7(d), respectively. The corresponding B-scan OCT
intensity images are shown in Figs. 7(b) and 7(c),
and accumulative retardation images are shown in
Figs. 7(e) and 7(f). In Figs. 7(b) and 7(c), the scale
was peeled o® and only a little part of the scale
remained (marked by a yellow dot-dashed closed
curve). Due to skin damage and loss of support, the
adjacent scale on the left had a fracture covering the
root of the remaining scale (pointed out by a blue
arrow). At 54.5 h, as shown in Figs. 7(e) and 7(f),
the new skin tissue (marked by a yellow dot-dashed
closed curve) ¯lled the missing area. However, the
bone formation has not been observed in the injured
area. The retardation of the injured area was still
kept low during this recovery process.

Furthermore, we analyzed the OCTA images
with images merging the AIPs of OCTA within
the skin area and the subcutaneous tissue area
[Figs. 8(a) and 8(c)]. The B-scan OCTA images
[Figs. 8(b) and 8(d)] are the corresponding areas
marked by a blue dashed line in Fig. 8(a) and a
green dashed line in Fig. 8(c). The blood vessels

were missing in the injured area at half an hour.
Although the adjacent scale on the right was in-
jured, a single blood vessel (marked by a small blue
dashed circle in Fig. 8(b)) close to the base of the
skin is observed. At 54.5 h, the blood vessels in the
residual area were reconstructed, and the blood
vessels of the adjacent scale on the right side
remained in place (marked by several small green
dashed circles in Fig. 8(d)).

Based on images merging the AIPs of OCTA
within the skin area and the subcutaneous tissue
area [Figs. 8(a) and 8(c)], the process of vessel re-
construction can be observed more clearly. The
blood vessels in this area are damaged due to the
loss of the scales, resulting in the destruction of the
skin attached to the scales. At half an hour, dam-
aged blood vessels are still not recovered, so the
absence of blood vessels is shown in Fig. 8(a) and
only a blood vessel (marked by a small blue dashed
circle) can be observed on the right side. The single
blood vessel is connected with the blood vessel of
the subcutaneous tissue. At 54.5 h, blood vessels in
the residual part of the injured area are recon-
structed (pointed out by green arrows in Fig. 8(c)),
and new blood vessels are formed. The small dashed
circles in Figs. 8(a) and 8(b), and 8(c) and 8(d)
correspond to the same blood vessels, respectively.

(a) (b) (c) (d)

(e) (f)

Fig. 8. Monitoring of zebra¯sh cutaneous wound healing with OCTA images. (a) and (c) are images merging the AIPs of OCTA
within the skin area and the subcutaneous tissue area. (b) and (d) are B-scan OCTA images, which are corresponding to the
positions marked by a blue dashed line and a green dashed line in (a) and (c), respectively. (e) is the monitoring results with time
elapsing. Binary vessel maps based on a ¯xed threshold are shown in the upper right corner of each image in (e). (f) is the variation
of vessel density during the monitoring process. All scale bars are 100 �m.
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To observe the changes of blood vessels with time
elapsing, we monitored the pressure-damaged area
(marked by a black dashed box in Fig. 8(c)) and the
monitoring results at di®erent times are shown in
Fig. 8(e). The new blood vessels gradually extend
from the junction of subcutaneous blood vessels,
and gradually form multiple branches. For quanti-
tative analysis of vessels, we generated binary vessel
maps of Fig. 8(e) based on a ¯xed threshold shown
in the upper right corner of each image in Fig. 8(e),
and the vessel density (VD) was calculated from
those binary vessel maps. As shown in Fig. 8(f), we
can observe gradually increasing VD during the
recovery process of the skin, which indicates the
reconstruction of blood vessels in zebra¯sh in line
with the characteristics of the proliferation stage.3

4. Discussion

PS-OCT and OCTA images of zebra¯sh skin were
obtained by our homemade high-resolution PS-
OCT system, which were used to analyze the spatial
distribution of zebra¯sh skin vasculatures, and the
short-term healing process of the cutaneous wound
was monitored. The combination of PS-OCT and
OCTA demonstrated their ability to image the skin
internal structure and blood vessels of the zebra¯sh
skin while assessing its recovery.

Compared with OCT system with the center
wavelength of 1300 nm or 1060 nm, 840 nm SD-
OCT system can obtain a higher spatial resolution.
High-resolution PS-OCT and OCTA images can
provide more details for the spatial distribution and
polarimetric properties of zebra¯sh skin. In this
paper, by the high-resolution PS-OCT system, the
thin radial grooves were shown with high birefrin-
gence, and the OCTA images display the micron-
scale vasculature distributed in di®erent depths of
the skin. During the healing process of zebra¯sh skin
injury, subtle changes in blood vessels and skin
structure were revealed by our PS-OCT system.

Polarization images have di®erent sensitivities to
di®erent pigments. The stripe of yellow xantho-
phores shows high accumulative retardation due to
its depolarization. The intensity image cannot eas-
ily describe the composition of the tissue, and the
intensity of the zebra¯sh is more likely to be a®ected
in the liquid environment. Zebra¯sh stripe is the
model for vertebrate color pattern formation.31

In°ammation drives wound hyperpigmentation
in zebra¯sh by recruiting pigment cells to sites

of tissue damage.32 As known in our results, accu-
mulative retardation, as one of the polarization
characteristics of PS-OCT, is sensitive to the pig-
mentation of tissue. Therefore, retardation has an
important auxiliary value in the pigmentation
study of zebra¯sh skin.

We described the zebra¯sh skin vasculature and
gave representative results based on the OCTA
method in this paper. As described in Ref. 6, the
distribution of blood vessels in the zebra¯sh is reg-
ular. We imaged the skin vessels of zebra¯sh at
di®erent ages (2 months old and 9 months old).
Compared with the result in Ref. 6, similar blood
vessel distributions were shown to prove the cor-
rectness of the OCTA method in zebra¯sh vascular
imaging.

The °uorescence microscopy imaging method is
usually used for imaging the zebra¯sh skin vessels
but has limited imaging penetration depth and needs
a complex operation to require speci¯c °uorescent
labeling. Compared with °uorescence microscopy
imaging,6 we demonstrated the ability of OCTA
technology to image the blood vessels in the zebra-
¯sh subcutaneous tissue, showing the connection
relationship between the blood vessels in the skin.
After that, we described the spatial distribution
information of the blood vessels on a single scale.

For in vivo zebra¯sh imaging, one of the short-
comings for OCTA is that °uid may induce imaging
artifacts because the zebra¯sh is in the liquid envi-
ronment. The other shortcoming is the motion ar-
tifact from the zebra¯sh. Therefore, when designing
an anesthesia imaging system, it is necessary to
ensure that the zebra¯sh skin is above the level of
the anesthesia liquid. On the other hand, deep an-
esthesia is required for the zebra¯sh to remain sta-
tionary. The anesthetic dose and circulatory system
used in this experiment ensured that the zebra¯sh
was under anesthesia for a long time (longer than
10 h), providing the possibility for multiple imaging
in a long period. It should be noted that the system
must be at a suitable room temperature (24–30�C),
and a heating device can be added to maintain the
temperature.

Due to the long monitoring interval, zebra¯sh
need to wake up after each measurement and be
anaesthetized again before the next measurement.
Therefore, its position cannot be the same at each
time, and the zebra¯sh injury size is very small.
During the measurement, we placed the wound
position as far as possible in the scanning ¯eld of
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view through observation. During image processing,
we manually cropped the area of interest based on a
marker point in the image. In future studies
requiring long-term monitoring of zebra¯sh, ¯xed-
range images can be obtained by optimizing zebra-
¯sh ¯xtures and positioning systems.

Based on this study, it is proven that it is pos-
sible to study the state of subcutaneous tissue
during cutaneous wound healing. With the suitable
imaging depth and the role of the polarization
parameters in the quantitative analysis of zebra¯sh
muscles,26 our PS-OCT system can comprehen-
sively monitor and describe the healing process of
zebra¯sh for a long period.

SSADA algorithm, as one of the intensity-signal-
based OCTA methods, uses the segmented spectral
information to improve the DSNR. This kind of
spectral calculation idea is also suitable for sup-
pressing noise for calculating polarization informa-
tion. Thus, it is feasible to be incorporated into the
PS-OCT algorithm. However, the resolution in the
axial direction is reduced with the low bandwidth of
¯lters. In this study, we found the Gaussian ¯ltering
of SSADA is the same as the method of down-
sampling in our previous axial super-resolution
study,33,34 which means the combination of the
segmented spectral information and deep learning
methods will improve the resolutions of PS-OCT
and OCTA images, and we will further study them
in detail.

In this study, we monitored the wound healing
process of zebra¯sh skin. The vessel density of the
zebra¯sh skin showed an increasing trend within
70 h. Our result is consistent with the research re-
sult on the wound healing process of human skin,
which showed an increase in blood vessel density
within ¯ve days of injury.35 Both results are in line
with the characteristics of the proliferation stage.3

In future studies, we will compare the complete
vascular recovery cycle of zebra¯sh with that of the
human in detail.

5. Conclusion

We demonstrated the ability of our PS-OCT system
for imaging the skin internal structure and zebra¯sh
skin vasculature in this paper. We clearly observed
the polarization and °ow characteristics of zebra¯sh
skins at di®erent ages (2 months and 9 months old)
with our PS-OCT system. Based on the intensity
and OCTA images, we described the spatial

distribution of the zebra¯sh skin vasculature.
Moreover, we monitored the process of zebra¯sh
cutaneous wound healing by our system. We have
demonstrated the utility of PS-OCT and OCTA for
structural and functional imaging of the zebra¯sh
skin. We believe the high-resolution PS-OCT
system has great potential in zebra¯sh cutaneous
research.
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