Original Research

Comparative study of optical coherence tomography angiography
algorithms for rodent retinal imaging

Arash Dadkhah, Dhruba Paudel and Shuliang Jiao
Department of Biomedical Engineering, Florida International University, Miami, FL 33174, USA

Corresponding author: Shuliang Jiao. Email: shjiao@fiu.edu

Impact statement Abstract

Different algorithms have been developed
for optical coherence tomography angiog-
raphy (OCTA) to provide high resolution
three-dimensional imaging of the vascular
network of biological tissues in vivo.
Understanding the performance of each
algorithm can help researchers to select
the most reliable OCTA algorithms for
rodent retinal imaging, which may affect
the research of retinal diseases that have
vascular involvement.

Optical coherence tomography angiography (OCTA) is a functional extension of optical
coherence tomography for non-invasive in vivo three-dimensional imaging of the microvas-
culature of biological tissues. Several algorithms have been developed to construct OCTA
images from the measured optical coherence tomography signals. In this study, we com-
pared the performance of three OCTA algorithms that are based on the variance of phase,
amplitude, and the complex representations of the optical coherence tomography signals
for rodent retinal imaging, namely the phase variance, improved speckle contrast, and
optical microangiography. The performance of the different algorithms was evaluated by

comparing the quality of the OCTA images regarding how well the vasculature network can be resolved. Quantities that are widely
used in ophthalmic studies including blood vessel density, vessel diameter index, vessel perimeter index, vessel complexity index
were also compared. Results showed that both the improved speckle contrast and optical microangiography algorithms are more
robust than phase variance, and they can reveal similar vasculature features while there are statistical differences in the calculated

quantities.
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Introduction

Optical coherence tomography angiography (OCTA) is a
non-invasive imaging technology, which can reveal
the three-dimensional (3D) microvasculature of biological
tissues in vivo." Based on the motion contrasts among the
repetitively acquired OCT images, OCTA can differentiate
moving particles (mainly red blood cells in blood flow)
from the static background tissue generating a 3D map
of the perfusing blood vessels. OCTA has been recognized
as a powerful diagnostic and research tool in ophthalmol-
ogy for evaluating retinal diseases such as diabetic retinop-
athy®> glaucoma,® age-related macular degeneration
(AMD),* artery and vein occlusions,” etc. In addition,
OCTA has also been used in the research and clinical
investigations in dermatology,® gastroenterology,” and
neurology.®
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Several OCTA algorithms have been developed to
extract the motion contrast buried in the amplitude and
phase of the measured OCT signals, which result from the
interference of the light reflected from the reference and
sample arms of the light interferometer. Depending on
whether phase, intensity, or the complex interference
signal is used for the calculation, the algorithms can be
categorized into phase based, intensity based, and complex
signal-based OCTA. The most widely used algorithms
include split-spectrum amplitude-decorrelation angiogra-
phy (SSADA),” speckle variance (SV),'"’ phase variance
(PV),"! improved speckle contrast (ISC),'> and optical
microangiography (OMAG)."?

Imaging the retinal vasculature of animals, especially
rodent models, is one critical application of OCTA, since
animal models play a key role in basic research and
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treatment development for all kinds of eye diseases.
However, a large majority of the OCTA ophthalmic appli-
cations are on humans including comparative studies of the
different algori’thms.M’23 Since the anatomy, size, and met-
abolic rate of rodent eyes are different from human, the
performance of the different OCTA algorithms may differ
from that in human applications. In this study, we com-
pared the angiographic images calculated from the same
datasets by using the three different OCTA algorithms in
the three different categories qualitatively and quantitative-
ly. A statistical analysis is performed among the quantita-
tive results (a paired t-test) to provide more information
about the performance of each of the OCTA algorithms.

Materials and methods

Study design

To make a more general comparison among the different
OCTA algorithms for ophthalmology and microscopic
imaging applications, we imaged both rat retina and
mouse ear. Four eyes of albino Spraque Dawley rats were
imaged, and a mouse ear (Swiss Webster) was also imaged
in vivo. All experimental animal procedures were con-
ducted in compliance with the guidelines of the Florida
International University’s Institutional Animal Care and
Use Committee.

System and in vivo animal imaging

We used the near infrared OCT (NIR-OCT) in our previous-
ly developed multimodal visible-light optical coherence
tomography and fundus autofluorescence (VIS-OCT-FAF)
retinal imaging system24 for rodent retinal imaging. In
brief, the NIR-OCT used a broadband superluminescent
diode (SLD) with a center wavelength of 840 nm and band-
width of 50nm as the light source. The interference light
(the OCT signal) was detected by a home-built spectrome-
ter with a line scan CMOS camera (Sprint, Basler) with an
A-line rate of up to 140 KHz. For in vivo mouse ear imaging,
we used the OCTA function of our recently developed
penta-modal imaging system,” in which a SLD-based
NIR light source with a center wavelength of 840nm and
bandwidth of 100nm (Broadlighter, Superlume Diodes)
was used. In the penta-modal imaging system, the OCT
signal was detected by a home-built spectrometer with a
fast CCD camera (Aviva EM4, e2V, maximum A-line rate:
70KHz). In both retina and mouse ear imaging, we used
A-scan speed of 40 KHz, considering the limitation of the
X-Y galvanometer scanner. The imaging conditions, includ-
ing the position of the reference arm, light power, and
focus, have been kept constant in each experiment. For
OCTA imaging, each of the 128 B-scans was repeated four
times at each spatial location, i.e. each y location, of the
sample. Each B-scan consisted of 512 A-lines. Thus, in
each imaging area, a total of 512 x 4 x 128 A-lines were
acquired, covering an area of 1.5mm x 0.75mm of the rat
retina (2mm x 2mm of the mouse ear). The NIR light
power was 800 pW and 600 pW for in vivo rat retina and
mouse ear imaging, respectively.

OCTA algorithms

For OCTA imaging, at each spatial location of the sample
(either rat retina or mouse ear in our studies), four cross-
sectional images (B-scans) were acquired consecutively.
The coordinate system was selected in which X represents
the coordinate of the fast scan (B scan, the horizontal direc-
tion for retinal imaging), Y represents the coordinate of the
slow scan (vertical direction in retinal imaging), and Z rep-
resents the coordinate in the depth. We use j to represent
the number of the repetitive B-scan and N to represent the
total number of the repetitive B-scan at each sample loca-
tion. The depth resolved OCT signal at each spatial location
can then be described as

Iocri(x, y, z) = Aj(x, Y, z)exp[¢j(x, ¥, Z)] @

where Aj(x, y, z) and ¢;(x, y, z) are the spatially
resolved amplitude and phase of the OCT signal of the
j-th B-scan.

PV algorithm

The PV algorithm calculates the phase difference among the
repeated consecutive cross-sectional OCT B-scans. Unlike
the method for Doppler OCT, in which the phase difference
is calculated between the adjacent A-lines in a B-scan, cal-
culations are done among the B-scans, with a much longer
time interval. Consequently, the images contain no flow
velocity information. This method minimizes the depen-
dency of flow detection on vessel orientation. Typically,
PV requires bulk motion correction and phase unwrapping
prior to the final phase variance calculation. This algorithm
has been successfully implemented in retinal imaging.***’
The PV algorithm can be expressed in the following
formula®

Ipy(x, y,z) = i—n* Z [Adj(x,y,z)
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where Ipy is the OCTA flow signal and A¢; is the phase
difference between the consecutive B-scans.

ISC algorithm

In the ISC algorithm, the changes in the OCT signal inten-
sity between subsequent B-scans caused by the moving
particles are calculated.'>* To calculate the OCTA signal,
the amplitude of the OCT signals from each of the 4 B-scans
was used to calculate the speckle contrast image k'
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The final blood flow image was generated as following:
Isc = AX(x, y, 2)* ki(x, vy, 2) (4)

where Ij5¢ is the OCTA flow signal used for the final blood
flow image; A? is the mean of intensity value of the four
consecutive B-scans.

OMAG algorithm

OMAG calculates the flow signal by performing a direct
subtraction of the complex OCT signal between the consec-
utively repeated B-scans.’*>! The flow signal can be calcu-
lated with the following equation®?
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Each acquired dataset was processed with the ISC, PV,
and OMAG algorithms. The retinal images were segment-
ed manually at the inner limiting membrane (ILM), the
inner nuclear layer (INL), the external limiting membrane
(ELM), and the retinal pigment epithelium (RPE). The
superficial, deep, and RPE layers were defined as the reti-
nal layers from ILM to INL, INL to ELM, and ELM to RPE.
For each layer, the OCTA data were projected onto the X-Y
plane by using axial summation amplitude projection
(SAP). The quality of the projected OCTA images was com-
pared first visually by looking at how much detail of the
capillary network can be resolved. To make quantitative
comparisons, we calculated the blood vessel density
(BVD), vessel diameter index (VDI), vessel perimeter
index (VPI), and vessel complexity index (VCI) for the seg-
mented superficial retinal layers.>*** All the linear-scale
images were denoised, binarized, and skeletonized prior
to the quantitative analysis.*

BVD is defined as the ratio of the total image area occu-
pied by the vasculature to the total area in an OCTA image

Sy AR Y)
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where A?(x,y) represents the intensity value of the pixels in
linear scale registered as vessel area (white pixels on the
binarized map), I(x,y) represents all the n pixels occupied
by the OCTA image.

VDI is calculated as the ratio of the vessel area to the
vessel length, as shown in the following formula

ZZ:l,y:l A? (%, Y)

VDI = ==
D v1y—15(%,Y)

)

where A%(x,y) denotes all the pixels occupied by vessel area,
and S(x,y) represents all the pixels occupied by vessel
length (white pixels on skeletonized map).
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VPI is defined as the ratio of overall contour length of
blood vessel boundaries to the total area in the OCTA image

D1y P2 Y)

VPl = ==
Zx:l,y:l I(X, y)

®)

where P(x,y) represents the pixels within the vessel perim-
eter (white pixels on perimeter map), and I(x,y) donates all
the pixels in the OCTA image.

VClis quantified using both the vessel perimeter and the
vessel area map, calculated as

[Zzzl,yzl P(x, y)}z

VCI =
4rn ZZ:l,y:l Az(x, Y)
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where P(x,y) represents the pixels within the vessel perim-
eter (white pixels on perimeter map), and A%(x,y) represents
the pixels registered as vessel area (white pixels on binar-
ized map).

Results

Figure 1 shows the retinal images processed with the ISC
(Figure 1(c) to (e)), OMAG (Figure 1(g) to (i)), and PV
(Figure 1(k) to (m)) algorithms. The OCT fundus image *°
(en face view of the 3D OCT data) and the OCT cross-
sectional image demonstrating the segmentation are
shown in Figure 1(a) and (b), respectively. Figure 1(f) and
() shows the composite images of all the retinal layers
coded with color (red: superficial retinal layer; green:
deep retinal layer; blue: RPE layer). As can be observed in
Figure 1(c) to (j), both the ISC and OMAG algorithms are
successful in mapping the vascular networks in different
retinal layers. However, there are some differences in
revealing the details of the microcapillaries. As pointed
by the arrows in Figure 1(e), and (i), the OMAG algorithm
can resolve more capillaries and yield higher signal
strength in the deeper layer. In contrast, the PV algorithm
was able to visualize only the large blood vessels in the
superficial layer of the retina (Figure 1(k)). We cannot see
the vasculature network of the deeper layers processed
with the PV algorithm (Figure 11(m)) due to high phase
noise level resulting in poor image quality.

Figure 2 shows the in vivo imaging results of the mouse
ear. Figure 2(a) is the en face view of the 3D OCT data, in
which no blood vessels can be clearly visualized. Figure 2
(b) to (d) are the SAP of the OCTA images constructed with
the ISC, OMAG, and PV algorithms, respectively. We can
see that all the three OCTA algorithms can comparatively
visualize the major blood vessels in the mouse ear, while
ISC and OMAG are more successful in resolving the
capillaries, a result consistent with that of rodent retinal
imaging.

OCTA algorithm quantitative comparisons

We quantitatively compared the performance of ISC and
OMAG in rodent retina and mouse ear imaging. Due to
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* Superficial layer
* Deep layer
* RPE layer

Figure 1. The OCTA retinal image of an albino rat processed with ISC, OMAG, and PV. (a) OCT fundus image; (b) OCT cross-sectional image illustrating the
segmented retinal layers in the retina at the location marked in panel (a) by the solid line. (c), (d), and (e): SAP of the OCTA data in the superficial, deep, and RPE layers
processed with ISC; (f): the ISC composite image of all the retinal layers coded with color; (g), (h), and (i): SAP of the OCTA data in the superficial, deep, and RPE layers
processed with OMAG; (j): the OMAG composite image of all the retinal layers coded with color; (), (I), and (m): SAP of the OCTA data in the superficial, deep, and RPE
layers processed with PV; Colormap: red=superficial retinal layer, green= deep retinal, blue= RPE layer; Scale bar: 100 um.

Figure 2. OCTA image of a mouse ear processed with ISC, OMAG, and PV. (a): OCT en face view; (b): SAP of the OCTA data processed with ISC; (c) SAP of the OCTA
data processed with OMAG; (d) SAP of the OCTA data processed with PV; Scale bar: 200 um.

the relatively poor performance of the PV methods in visu-  BVD, VDI, VP, and VCI, from the acquired images (n =4
alizing the small blood vessels and capillaries compared to ~ for rat retina and n =1 for the mouse ear).

ISC and OMAG, we excluded this technique in our quan- A paired t-test analysis was performed for the data
titative comparison study. Table 1 shows the calculated between the two algorithms (P <0.05 was assumed for
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Table 1. Summary of the calculated OCTA quantitative parameters.

Datasets 1 2 3 4 5

Parameters ISC OMAG ISC OMAG ISC OMAG ISC OMAG ISC OMAG
BVD 0.24 0.28 0.22 0.26 0.27 0.32 0.32 0.35 0.16 0.15
VDI (um) 17 18 29 30 42 41 29 32 48 44

VPI 0.14 0.16 0.08 0.09 0.07 0.08 0.11 0.11 0.03 0.04
VCI 1024 1018 420 430 340 370 190 180 110 67

BVD: blood vessel density; VDI: vessel diameter index; VPI: vessel perimeter index; VCI: vessel complexity index.

Table 2. Statistical analysis results between ISC and OMAG.

Parameter OMAG ISC P-value
BVD 0.27 +£0.07 0.24+0.05 0.04*
VDI 33+10 33+12 0.91
VPI 0.09 £0.04 0.08 +£0.04 0.01*
VCl 410+ 370 420+ 360 0.64

*Significant difference.

statistical significance). The OMAG algorithm provided
statistically significant higher mean values of BVD and
VPI compared to the ISC algorithm (0.27 £0.07 vs. 0.24 +
0.05 for BVD; 0.09 £ 0.04 and 0.08 4-0.04 for VPI), while no
statistically significant difference was observed for VDI and
VCI among the algorithms (Table 2).

Discussion

From the imaging results on rat retina and mouse ear, we
can see that both ISC and OMAG images are similar in
visualizing the microvasculature, suggesting that both
algorithms are suitable for OCTA applications in rodent
models. The PV algorithm performed poorly, especially in
retinal imaging. This might be caused by several factors
including phase instability of the imaging system and
uncontrolled sample motion. Previous studies * concluded
that the sole phase information may not be ideal for obtain-
ing high quality images of the vascular structures. For visu-
alizing capillaries in deeper layers such as the RPE (see
Figure 1(e) and (i)), consistent with previously reported in
the literature,’>*” OMAG provided slightly better results
for the vascular network compared to ISC, possibly due
to the utilization of the full OCT signal for flow signal cal-
culation. However, since the ISC algorithm only takes the
amplitude of the OCT signal into account for motion-
contrast calculations, this algorithm is less computationally
intensive compared to OMAG. Additionally, OMAG and
PV are both sensitive to bulk motion artifacts induced by
heartbeats, breathing, and other involuntary motion. The
phase shift caused by bulk motion is estimated by calculat-
ing the histogram of the phase difference between adjacent
A-lines. However, it may not be always successful in
removing the bulk motion effects. We noted that none of
the above techniques were successful in visualizing the
choriocapillaris in rodent retina, which needs to be investi-
gated further. One probable reason is the anatomy of the
rodent eye, such as the structure of the anterior segments
and the small pupil size of the rat eye compared to humans,
which may negatively affect the capability in resolving the

deep choriocapillaris. We observed that some of the small
vessels which appeared in the OCTA images were not fully
connected. We hypothesize that this discontinuity was due
to either the limited sampling density or slower blood flow
in the rodent’s eye compared to humans.

In the quantitative evaluations, we can see that OMAG
provided statistically significant higher mean values of
BVD and VPI compared to the ISC, which may mean that
OMAG can reveal more blood vessels as evidenced in the
OCTA images. However, this evaluation is not conclusive.
Whether OMAG is superior in revealing the true values still
need studies to compare with histology. The importance of
the current findings, although with limited data, is that
when using OCTA as a tool in research or diagnostic appli-
cations, one needs to be aware of the algorithm used when
trying to make qualitative and quantitative comparisons.
A limitation of this study was that in the calculations of
BVD, VDI, VP, and VCI, we only evaluated the superficial
retinal layers for quantitative comparison, since imaging
the vasculature of the deep retinal layers in the rodent ret-
inas were not always successful.

In this study, we imaged rat retina and mouse ear to
cover different OCTA applications, such as ophthalmosco-
py and microscopy. The two applications have different
optical configurations. Retinal imaging requires an ocular
lens, while microscopy requires only an objective lens for
focusing the prob light onto the imaging subject. In oph-
thalmoscopy, the lateral resolution is mainly limited by the
optics of the eye, while in microscopy the lateral resolution
is mainly limited by the numerical aperture (NA) of the
objective lens. Thus, this study may represent general
imaging conditions although more data are needed to
make the observations more conclusive. The poor perfor-
mance of PV in our study may relate to the specific imaging
system we used. Further studies will be needed to include
not only larger sample size but also different imaging sys-
tems preferably commercial OCT systems with and without
eye tracking.

Conclusions

In summary, we compared three representative OCTA algo-
rithms, ISC, PV, and OMAG for imaging animal models
qualitatively and quantitatively. It was shown that ISC
and OMAG algorithms were more robust to provide high
quality OCTA images in rodent imaging in vivo. Results
also demonstrated that OMAG may provide slightly
better visualization of the vascular network in deeper
layers compared to the ISC method. The statistically
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significant higher BVD and VDI values calculated from
OMAG than ISC suggest that it is more reliable to use the
same OCTA algorithm for quantitative comparisons in
research and diagnosis when these quantities are used as
markers of disease status, progression, or treatment
outcomes.
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