
Am J Transl Res 2018;10(10):3025-3035
www.ajtr.org /ISSN:1943-8141/AJTR0080466

Original Article
Improved speckle contrast  
optical coherence tomography angiography

Liwei Wang, Yuejie Li, Yilu Li, Kaining Li

Institute of Biomedical Engineering, Chinese Academy of Medical Sciences and Peking Union Medical College, 
Tianjin 300192, China

Received May 28, 2018; Accepted September 22, 2018; Epub October 15, 2018; Published October 30, 2018

Abstract: Optical coherence tomography (OCT) is becoming a clinically useful and important imaging technique due 
to its ability to provide high-resolution structural imaging in vivo. Optical coherence tomography angiography (OCTA) 
can visualize vasculature imaging of biological tissues. With the advent of Fourier-domain OCT, numerous OCTA 
techniques have been developed to detect the microvasculature in vivo. The macular region of the fundus is sepa-
rated into retinal and choroid regions by segmentation algorithm in the data processing, a false blood flow signal is 
generated due to bulk motion when vasculature imaging was segmented in the retinal regions. However, the most 
recent OCT angiographic approaches are sensitive to bulk motion noise. To overcome this limitation, we proposed 
an improved speckle contrast optical coherence tomography angiography (ISC-OCTA) algorithm to image vascula-
ture network in vivo. The improved speckle contrast image was acquired by the improved speckle contrast algorithm 
for N consecutive frames of the same location, and the vasculature of the tissue was generated by masking the 
averaged image with the improved speckle contrast image. ISC-OCTA was tested on in vivo images of a phantom 
mouse ear and a human macula. Compared to the recently reported algorithms, we found that ISC-OCTA can distin-
guish the dynamic information of blood flow from static tissue and visualize capillary vessels. Especially when the 
segmentation data generates false information, the ISC-OCTA algorithm has a significant effect on the suppression 
of the line noise. ISC-OCTA can provide clear visualization of vessels as other algorithms and may be useful in the 
diagnosis of ophthalmic diseases.

Keywords: Optical coherence tomography, optical coherence tomography angiography, microcirculation, speckle 
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Introduction

It is well-known that microcirculation is blood 
circulation between arterioles and venules. 
Microcirculation dysfunction may lead to tissue 
dysfunction, which is a major cause of many 
diseases. Changes in structure and function of 
microcirculation may be clinically related to 
various pathological conditions. Therefore, it is 
feasible to detect the early features of microcir-
culation for diagnosis of clinical diseases at an 
early stage. 

Optical coherence tomography [1] is an optical 
modality for high-resolution imaging of biologi-
cal tissue. The key advantages of using optical 
coherence tomography (OCT) as a detection 
technique include high resolution, high speed, 
high sensitivity; moreover, it is non-invasive in 

vivo, and it has mutually independent horizontal 
and axial resolution. With the recent develop-
ment of light sources and detection techniques, 
the applications of OCT are diverse, such as 
dermatology [2, 3], gastroenterology [4], cardi-
ology [5], and neurology [6]. Moreover, the goals 
of the OCT system were to switch from struc-
tural imaging to functional imaging, which could 
stimulate development in optical coherence 
tomography angiography (OCTA) algorithms by 
utilizing different components of OCT signals, 
including phase signals, intensity signals and 
complex signals [7, 8]. 

It is obvious that OCTA has become an impor-
tant technique for angiography due to its high 
resolution of capillary-vessel microcirculation  
in tissue [7, 8]. Numerous OCT angiographies 
have been successfully developed to image 
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blood flow in human, such as B-M mode scan-
ning (including speckle variance [9], phase vari-
ance [10], correlation mapping [11], split-spec-
trum amplitude-decorrelation [12], and optical 
microangiography [13-16]) and repeated A- 
line scanning mode (including Doppler OCT 
[17], Doppler variance [18], and Doppler optical 
micro-angiography [19]).

Barton and Stromski [20] first proposed the 
speckle concept by use of time-domain OCT. 
With the development of FD-OCT, Marriampillai 
et al. [21] proposed speckle variance (SV) OCTA 
by calculating the speckle variance of the OCT 
structural images: 
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where Ii is an intensity value at i’th B-scan 
structural frame in the slow scan direction, N is 
the number of B-scans. 

Blatter et al. proposed a Fourier domain mode 
locked (FDML) [22] algorithm by calculating the 
squared intensity difference between consecu-
tive frames:

IFlow = [Ii - Ii+1]
2                                                     (2)

where Ii is an intensity value at i’th B-scan 
structural frame in the slow scan direction.

Wang et al. proposed an optical microangiogra-
phy (OMAG) [13-15] algorithm that utilized the 
subtraction between repeated frames to calcu-
late the complex differentiation. OMAG may 
provide the best visual result of retinal micro-
vascular networks [7]:
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where i is the index for the repeated B-scans at 
each position, C is the motion corrected com-
plex OCT signal and N is the number repeated 
in each step. 

Huang et al. [16] also proposed an algorithm  
by performing intensity subtraction (ISUB) 
between repeated B-frames based on the 
OMAG algorithm:
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where Ii = |Ci| is the amplitude of the complex 
signal at i’th B-scan structural frame in the slow 
scan direction, and N is the number of B-scans. 
This algorithm is a much more practical solu-
tion for OMAG [16].

Laser speckle contrast imaging (LSCI) is a wide-
field two-dimensional imaging technique that 
can quickly acquire the distribution of the 
dynamic blood flow within tissue beds in vivo 
[23]. LSCI was recently used in visualization of 
blood flow for applications in dermatology [24] 
and neurosurgery [25]. In this study, we extend-
ed the LSCI method to the OCTA field and pro-
posed an improved speckle contrast optical 
coherence tomography angiography (ISC-OCTA) 
algorithm. We performed experiments on flow 
phantoms and animal models to verify the algo-
rithm. Finally, images of the human ocular fun-
dus vasculature were collected using ISC-OCTA 
technique as well.

Materials and methods

System setup

In this study, a customized Fourier domain OCT 
(FD-OCT) system for imaging was adopted. The 
FD-OCT system was equipped with a broad-
band super luminescent diode at 840 nm 
(Inphenix Inc, Livermore, CA, USA) as the light 
source, has a bandwidth range of 50 nm, a 
measured axial resolution of ~ 5 μm (full-width 
half-maximum amplitude profile) and an imag-
ing range of 2 mm in tissue. The light output 
power of the sample arm is below 750 μW. The 
system spectrum was collected by the line 
camera at a rate of 70K lines/s. Along the 
X-scanning direction, 256 A-lines were cap-
tured in a B-scan at a frame rate of 200 
frames/s. In the Y-scanning direction, 2048 
B-Scans were acquired at 256 continuous 
transversal locations within ~10 s. 8 consecu-
tive B-Scan frames were acquired at each loca-
tion to evaluate the relative performance of dif-
ferent OCT angiographic algorithms.

ISC-OCTA processing technique

OCT structural frames were obtained after 
applying fast Fourier transformation (FFT). N 
consecutive frames of the same location were 
repeatedly scanned and matched; the matched 
frames were averaged to enhance the intensity 
of blood flow signals, and the improved speckle 
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contrast image was used to obtain the informa-
tion of the dynamic blood flow. Finally, the vas-
culature of tissue was generated by masking 
the averaged image with the improved speckle 
contrast image. We found that ISC-OCTA can 
exclude the information of static tissue while 
preserving the information of the dynamic 
blood flow.

Image matching: N consecutive B-Scan frames 
were repeatedly captured at each transversal 
location, and M transversal locations were 
acquired. During the image acquisition pro-
cess, the target movements can easily cause 
motion artifacts [26, 27] between B-scans, 
such as respiration or pulsation. Motion arti-
facts will lead to the loss of data continuity, 
especially for the detection of blood flow infor-
mation, and it was difficult to distinguish the 
static tissue from the dynamic tissue during 
post-processing. Therefore, to compensate for 
motion artifacts due to respiration or pulsation, 
N consecutive structural frames were aligned 
by means of a module matching algorithm 
before vascular mapping. 

Image averaging: Background noise is random 
between B-scan frames. To suppress noise due 
to bulk motion and background noise, N 
matched frames were averaged; the intensity 
of static tissue remain unchanged, and the 
blood flow signals were enhanced, as described 
in Equation (5).
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where i i( ) | [ ( )] |I x y , z FFT I x, y , k, =  is an intensity 
value at i’th B-scan structural frame in the slow 
scan direction, k is the wavenumber, and x, y 
and z are horizontal, axial and depth indices of 
the B-scan frames, respectively. N consecutive 
frames are averaged to increase signal sensi-
tivity in the flow region. Is is the average image, 
which contains the information of static tissue 
and dynamic blood flow.

Improved speckle contrast imaging: The speck-
le contrast (SC) [28, 29] is defined as the ratio 
of the standard deviation to the mean intensity, 
as described in Equation (6).

K _
I=
d                                                                (6)

where δ is the standard deviation of the speck-
le intensity, κ is the speckle contrast, and 

_
I  is 

mean of the image intensity. Motion artifacts 
are generated during image acquisition. The 
shorter the image acquisition time interval, the 
smaller the motion artifact is; however, there is 
still slight motion between two consecutive 
frames after image matching. The dispersion of 
data δ is increased during the average opera- 
tion for the motion artifact; thus, we proposed 
an improved speckle contrast (ISC) algorithm 
described by Equation (7). The improved speck-
le contrast image KS was acquired by perform-
ing speckle contrast analysis on two consecu-
tive frames. 
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Image marking: Improved speckle contrast 
image KS contains static tissue and dynamic 
tissue information. The value of KS in static tis-
sue is smaller than the dynamic tissue; thus, 
the final blood flow image (Iflow) was generated 
by masking the average image with the 
improved speckle contrast image. Iflow is de- 
scribed in Equation (8). This approach reduced 
the background noise, eliminated the high 
intensity value of the static tissue signal, and 
enhanced the blood flow signal. Using the same 
approach for M locations the blood flow image 
was finally acquired.

Iflow(x,yj,z) = IS(x,yj,z) * KS(x,yj,z)                        (8)

Statistical analysis

We used Statistical Product and Service 
Solutions (SPSS) 19.0 software (IBM, Armonk, 
NY, USA) for statistical analysis. Measurement 
data of experiments was represented as the 
mean ± standard deviation. The paired t-test 
was used for comparing differences between 
the two groups. P < 0.05 was considered statis-
tically significant.

Results

Phantom imaging

First, we performed flow phantom experiments 
to verify the ISC-OCTA algorithm. A transparent 
tube (inner diameter of 300 μm and external 
diameter of 500 μm) was placed in water, and a 
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Figure 1. ISC-OCTA Phantom imaging. A. 8 consecutive B-Scan frames were repeatedly captured at each transversal 
location, and consecutive structural frames were aligned by means of a module matching algorithm. B. 8 matched 
frames were averaged, the intensity of static tissue remains unchanged, and the blood flow signals were enhanced. 
C. The improved speckle contrast image was acquired by performing speckle contrast analysis on two consecu-
tive frames. D. ISC-OCTA flow image of phantom was generated by masking the average image with the improved 
speckle contrast image.

Figure 2. Comparison between three intensity angiography algorithms: SC, ISC, and ISC-OCTA, 3D OCT volume 
data consisted of a field of view of 5.0 mm × 5.0 mm in the right eye of a mouse. A. En face maximum reflectance 
intensity projection of SC microvasculature was acquired by Equation 2. B. En face maximum reflectance intensity 
projection of ISC microvasculature was acquired by Equation 3. C. En face maximum reflectance intensity projection 
of ISC-OCTA microvasculature was acquired by Equation 4.

mixture of rabbit blood infused with heparin 
(anticoagulant) [30] was pumped through the 
tube at rate of 2 mL/h to mimic blood flow in 
the blood vessel by a syringe pump (Howkmed 
Medical Instrument, Inc, Shenzhen, CHN).

Consecutive structural frames were acquired 
after applying FFT. To reduce motion noise, 
each pair of consecutive frames were aligned 
using a module matching algorithm before vas-
cular mapping; then the matched frames 
(Figure 1A) were averaged to generate the 
average image (Figure 1B). The signals from 
the water were invisible surrounding the trans-
parent tube, but the stronger reflection signals 

at the outer layer of the tube were still observ- 
ed. The improved speckle contrast was per-
formed on the matched frames to generate  
the improved speckle contrast image (Figure 
1C), and the signals of the tube wall were ba- 
sically eliminated. The final blood flow image 
(Figure 1D) was generated by masking the aver-
aged image with the improved speckle contrast 
image; the intensity of the pipe was obviously 
weakened, the stronger reflected signal on the 
pipe wall was basically eliminated, the noise 
had been significantly suppressed, and we 
could see the fluid region clearly. The ISC-OCTA 
algorithm is valid for phantom.
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Mouse ear angiography

All animal procedures were conducted follow-
ing the protocol approved by the Institutional 
Laboratory Animal Ethics Committee and the 
Institutional Animal Care and Use Committee, 
Peking Union Medical College, People’s Re- 
public of China. All animal experiments were 
performed in compliance with the Guiding 
Principles for the Care and Use of Laboratory 
Animals, Peking Union Medical College, Peo- 
ple’s Republic of China. Animals were housed  
in cages with free access to food and water.

We performed animal experiments to contrast 
and analyze the imaging results. A 9-week-old 
female nude mouse was anesthetized by inject-
ing 250 microliters ammonium 4% hydrogen 
hydrate before imaging and was put on the sur-
face of the platform in order to reduce the 
motion effect. The nude mouse’s right ear was 
fixed to the surface of the platform by double-

sided tape. We performed animal experiments 
and made comparisons among three speckle 
contrast angiography algorithms. 3D OCT vol-
ume data consisted of a field of view of 5.0 mm 
× 5.0 mm. SC microvasculature (Figure 2A) was 
acquired by Equation 2 can visualize the vascu-
lature. Figure 2A shows the microvasculature 
of the ear tissue of the mouse clearly, but the 
noise of the image was relatively strong due to 
the false blood flow signal generated by the 
bulk motion, and the line noise was obvious. 
Figure 2B is ISC microvasculature (by Equation 
3). The noise of the image, especially the noise 
of the lines, was significantly suppressed using 
improved speckle contrast technique, and the 
image showed better quality than the SC image; 
Figure 2C is ISC-OCTA microvasculature (by 
Equation 4). By using the ISC image and the 
mean image to multiply, the background noise 
was further reduced and the line noise was 
also suppressed. The result showed that the 
ISC-OCTA image has a higher signal-to-noise 

Figure 3. Examples of ISC-OCTA angiograms of macula from healthy human subjects, in vivo 3D OCT volume data 
of the macula consisted of a field of view of 3.0 mm × 3.0 mm. A. Cross-sectional OCT structural image through 
the foveal center with structure information. B. Cross-sectional OCT blood flow image through the foveal center with 
flow information. C. En face maximum reflectance intensity projection image of ISC-OCTA microvascular flow from 
the whole ocular fundus; D. En face maximum reflectance intensity projection image of ISC-OCTA microvascular 
flow above IS/OS layer; E. En face maximum reflectance intensity projection image of ISC-OCTA microvascular flow 
following layer.



Improved speckle contrast OCTA

3030	 Am J Transl Res 2018;10(10):3025-3035

Figure 4. Performance comparison between four intensity angiography al-
gorithms for blood flow signal data with false segmentation: SV, FDML, ISUB 
and ISC-OCTA, in vivo 3D OCT volume data of the macula consisted of a field 
of view of 3.0 mm × 3.0 mm. A-D. En face maximum reflectance intensity 
projection images of the blood vessel network visualized by SV, FDML, ISUB 
and ISC-OCTA algorithms.

Figure 5. Performance comparison between four intensity angiography im-
ages for healthy human subjects, in vivo 3D OCT volume data of the macula 

ratio and has the best visual-
ization effect. 

Macular angiography

All procedures performed in 
studies involving human par-
ticipants were in accordance 
with the ethical standards of 
the institutional ethics com-
mittee and with the 1964 Hel- 
sinki Declaration and its later 
amendments or comparable 
ethical standards.

Finally, we captured the image 
of the vasculature in the hu- 
man macula of five normal 
male volunteers with a view of 
3.0 mm × 3.0 mm. As shown in 
Figure 3A, we can see the reti-
nal IS/OS layer (green line) 
clearly in the cross-sectional 
structural image. Furthermore, 
we obtained blood flow images 
by using the ISC-OCTA algo-
rithm (Figure 3B). The static 
tissue signal was effectively 
restrained; the dynamic blood 
flow signal was relatively en- 
hanced. We can calculate dif-
ferent depths of the retinal 
image. Figure 3C is the en-
face blood flow image of the 
whole macula, Figure 3D is the 
above IS/OS layer, and Figure 
3E is the following layer. The 
ISC-OCTA image was similar to 
images from previously repor- 
ted angiography techniques  
[7]. The flow pixels formed a 
continuous retinal vessels net-
work. There were no retinal 
vessels within the foveal avas-
cular zone (Figure 3D), which 
agrees with known anatomy.

consisted of a field of view of 3.0 
mm × 3.0 mm. A-D. En face maxi-
mum reflectance intensity projec-
tion images of the blood vessel 
network in normal human macular 
visualized by SV, FDML, ISUB and 
ISC-OCTA algorithms.
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Figure 6. A-D. Binarized images for SV, FDML, ISUB and ISC-OCTA images.

literature review [7] is provided 
on the recent progress of OCT 
angiography algorithms, spe- 
ckle variance, FDML and in- 
tensity subtraction algorithms. 
We captured the structural im- 
age of the vasculature from 
the same retina of human sub-
jects with a view of 3.0 mm × 
3.0 mm. 

Comparison on visualization

In the process of data process-
ing, image misalignment may 
generate false information in 
blood flow image data due to 
motion artifact correction and 
image segmentation. The false 
information in the two-dimen-
sional blood flow image will 
cause line noises in the three-
dimensional blood flow imag-
es, which seriously affects the 
quality of the en-face image. 
After retinal image segmenta-
tion, due to bulk motion and 
segmentation errors, a false 
blood flow signal is generated 
during vascular imaging. We 
use the same set of data with 
false blood flow signals for pro-
cessing, and the results are 
shown in Figure 4. We used 
Equations 1, 2, 4, and 8 to  
process and obtain the SV 
(Figure 4A), FDML (Figure 4B), 
ISUB (Figure 4C) and ISC-OCTA 
(Figure 4D) images. The differ-
ence between the four algo-
rithms can be appreciated by 
visual inspection of the imag-
es. SV and FDML images are 
calculated by using the stan-
dard deviation and the square 
of the adjacent image differ-
ence, which have the same 
display effect, and the line 
noise is relatively obvious. The 
ISUB image showed better 
quality than the SV and FDML 

Figure 7. A-D. Skeletonized images for SV, FDML, ISUB and ISC-OCTA im-
ages. 

Comparison between four intensity angiogra-
phy algorithms: SV, FDML, ISUB, and ISC-OCTA

To assess the performance of the algorithm, we 
compared it with other algorithms. A general 

images, and the line noise was also sup-
pressed. Compared with other algorithms,  
the results show that the ISC-OCTA algorithm  
has the best performance for line noise 
suppression. 
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Figure 8. A, B. Binarized and skeletonized images for mean image.

Comparison of connectivity, contrast and 
signal-to-noise ratio

To assess the performance of the algorithm, we 
converted projection images obtained by four 
different angiography algorithms (Figure 5) of 
five eyes of the five participants. The results 
show that realized fundus retinal blood flow 
images can be obtained by all four algorithms: 
the blood flow images have continuous retinal 
vessels network and no retinal vessels within 
the foveal avascular zone, consistent with the 
results reported in the relevant literature (Ref 
[7, 12]). Figure 6 shows binarized images, and 
Figure 7 shows skeletonized images.

Vessel connectivity, image contrast, and signal-
to-noise ratio (SNR) can be used to evaluate 
the performance of the blood flow imaging. We 
obtained the binary images with a morphologi-
cal operation. The vascular network was made 
of 1-pixel wide lines with a skeletonizing mor-
phological operation. We averaged the blood 
flow images of all the algorithms as the mean 
image, binarized the mean image to generate  
a skeleton image as a mask image S (x, y) 
(Figure 8). To calculate vessel connectivity, 
image contrast, and SNR for the blood flow 
image, we defined relevant signal and noise 
regions by using the binary and skeletonized 
image of blood flow; the skeletonized vascular 
network are the relevant signal regions, and the 
regions outside the branched vessels are the 
noise regions. Then, we used the following for-
mula in Equations 9-117. Performance com- 
parison was analyzed on the OCT macular 
angiograms of five eyes of five participants 
(Table 1). We compared the four algorith- 
ms based on paired t-tests, and the data we- 

re expressed as the mean ± 
standard deviation. The resul- 
ts showed that the ISC-OC- 
TA algorithm had significant- 
ly better SNR relative to the  
SV (P = 0.027), FDML (P = 
0.036) and ISUB (P = 0.027). 
The difference was statistical- 
ly significant (P < 0.05). The 
signal-to-noise ratio of the ISC-
OCTA algorithm is improved by 
124% compared to the SV 
algorithm. 
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En-face blood flow images of four algorithms 
can provide good blood flow information, ISC-
OCTA image has not any retinal vessels in the 
foveal avascular zone [12] and the best per- 
formance. 

Discussion

The effectiveness of the ISC-OCTA algorithm 
was verified by the phantom experiment. Figure 
1 shows that the ISC-OCTA algorithm is valid for 
phantom; the intensity of the pipe was obvious-
ly weakened in the final blood flow image 
(Figure 1D), the stronger reflected signal on the 
pipe wall was basically eliminated, the noise 
had been significantly suppressed, and the 
fluid region can be seen clearly. Through animal 
experiments, the ISC-OCTA algorithm has a sig-
nificant effect on the improvement of signal-to-
noise ratio compared to SC and ISC algorithms. 
The ISC-OCTA algorithm (Figure 2) has the best 
signal-to-noise ratio in the animal experiment. 
Compared with performing subtraction betwe- 
en consecutive B-scans, the average process 
can preserve the blood flow information effec-
tively. Because the signals of dynamic blood 
flow in the overlapped area are also relatively 
suppressed, the dynamic blood flow informa-
tion may be lost at the subtraction of consecu-
tive frames. Through the averaging process the 
static tissue signals remain unchanged, dynam-
ic blood flow signals are enhanced, and back-
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ground random scattered light noise was re- 
duced. Figure 4 shows that ISC-OCTA has the 
best performance for line noise suppression 
and delivered significant anti-interference wh- 
en compared to other algorithms. In the data 
processing of other algorithms, in which the 
subtraction operation and the mean operation 
are used, the false two-dimensional blood flow 
information is not obviously suppressed. How- 
ever, the ISC-OCTA algorithm uses adjacent 
two-dimensional images for blood flow imaging 
(the operation is performed by using Equation 
7), and includes a division operation, which 
effectively reduces the difference between the 
false signal and the real signal so that the line 
noise is suppressed. Figure 9A is the real blood 

OCTA image significantly improved both SNR 
and connectivity when compared to others. 

The ISC-OCTA algorithm has several potential 
advantages. One advantage is that ISC-OCTA 
has the same advantage of angiography based 
on intensity. Another potential advantage of 
ISC-OCTA is the possibility of quantifying blood 
flow velocity. Recently, laser speckle imaging 
technique has been developed for angiography 
[31, 32]. Laser speckle imaging has been used 
to noninvasively monitor blood flow in the retina 
[33], brain [34], and skin [35]. The motion of 
red blood cells causes intensity changes that 
can be analyzed with temporal, spatial, or com-
bined spatiotemporal speckle contrast algo-
rithms. The speckle contrast value is propor-

Table 1. Performance comparisons of four algorithms blood flow images
SV FDML ISUB ISC-OCTA

Connectivity 0.2742 ± 0.04742 0.2528 ± 0.05277 0.2128 ± 0.02767 0.1788 ± 0.01426
Contrast 2.0215 ± 0.42452 2.2796 ± 0.46882 1.7181 ± 0.93371 2.5545 ± 0.60089
SNR 2.4193 ± 1.62217 2.5958 ± 1.73418 2.7105 ± 1.41906 5.4269 ± 0.6413
Improvement of SNR NA 7.3% 12% 124.3%
Statistical analysis is based on 5 eyes of 5 normal human subjects.

Figure 9. Cross-sectional OCT blood flow image. A. Real blood flow image 
cross-sectional OCT blood flow image. B. The false blood flow image is 
caused by image motion artifacts. C. The false blood flow image is caused 
by incorrect image segmentation. D. The false blood flow image is caused 
by both motion artifacts and incorrect segmentation.

flow image, Figure 9B-D are 
the false blood flow images, 
the false blood flow images are 
mainly caused by image mo- 
tion artifacts (Figure 9B) and 
incorrect image segmentation 
(Figure 9C), Figure 9D is the 
result of both. Subtraction 
can’t eliminate the line noise 
which caused by incorrect im- 
age segmentation, but the 
ISC-OCTA algorithm adopts the 
division operation, as long as 
there are two adjacent im- 
ages segment correctly in the 
N continuous images collected 
at the same position, it can 
ensure that the intensity of 
other layers is invalid when 
visualize images in different 
layers, so, the noise can be 
significantly suppressed. The 
ISC-OCTA algorithm can pro-
vide clear visualization of ves-
sels (Figure 5) in the human 
ocular fundus circulations, as 
previously reported in angiog-
raphy algorithms [13, 21, 22]. 
Table 1 shows that the ISC-
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tional to the blood flow velocity. Thus, in OCTA 
results the speckle contrast value may be a 
function of the flow velocity. To accurately mea-
sure blood flow velocity, we will conduct in vitro 
flow phantom experiments to calibrate the 
speed.

The ISC-OCTA algorithm has some limitations; 
one limitation is that it cannot completely elimi-
nate the impact of motion artifacts. Although 
the ISC-OCTA algorithm can suppress the influ-
ence of bulk motion noise it cannot eliminate 
the bulk motion noise, so image registration 
processing is still required. In this paper, we 
compensated X-Z motion by the use of a mod-
ule matching algorithm. This algorithm could 
reduce the effect of motion artifacts in the  
X-Z dimensions. Due to processing time re- 
quirements, we made no attempt to compen-
sate for the Y direction. Motion compensation 
can either be done with an active motion track-
ing system [36] or post-processing. This could 
potentially be reduced by the use of 3D regis-
tration algorithms [37]. Another limitation is 
data processing time; we can attempt to re- 
duce the number of repeated B-scans or use 
cameras with higher acquisition speeds.

Conclusion

In summary, we exploited an improved speckle 
contrast angiography, which used the improved 
speckle contrast blood flow image to mark the 
average image and eliminated static artifacts 
while preserving the vessel structures. This 
approach was validated by the simulation and 
animal experiments. The result showed that 
ISC-OCTA can acquire clear ocular fundus mi- 
crovascular images in in vivo experiments and 
may be useful in the diagnosis of ophthalmic 
diseases.
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