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Abstract: Optical microangiography (OMAG) is an optical coherence
tomography (OCT)-based imaging technique that is capable of achieving
the angiographic imaging of biological tissues in vivo with a high imaging
resolution and no need for dye injection. OMAG has a potential to become
a clinical tool for the diagnosis and treatment monitoring of various
retinopathies. In principle, OMAG extracts blood flow information based
on a direct differentiation of complex or intensity OCT signals between
repeated B-scans acquired at the same cross section, which is sensitive to
blood cell movement. In practice, this method is prone to artifacts due to
tissue hyper-reflection, commonly seen in retinal diseases such as diabetic
retinopathy. In this paper, we propose a novel method to suppress the
artifacts induced by hyper-reflection. We propose to scale OMAG flow
signals by a weighting factor that is motion-sensitive but hyper-reflection
insensitive. We show that this simple weighting approach is effective in
suppressing the artifacts due to tissue hyper-reflections while still
maintaining the detected capillary networks with high fidelity, especially in
deeper retina. The effectiveness of the proposed technique is demonstrated
by a phantom study and case studies on patients’ eyes with hyper-reflective
foci. Finally we discuss potential applications of this technique.

©2015 Optical Society of America

OCIS codes: (170.4500) Optical coherence tomography; (170.2655) Functional monitoring and
imaging; (170.1470) Blood or tissue constituent monitoring.
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1. Introduction

Retinal microcirculation is of critical importance in maintaining normal visual functions for
the eye. Physiologically, retinal microcirculation provides sufficient oxygen and nutrients to
and removes metabolites and wastes from active retinal tissue, maintaining a delicate balance
between demand and supply. However, the vascular network would be altered in a majority of
retinal pathologies, which could affect photoreceptor function leading to a significant loss of
vision [1]. Therefore, it is important to develop clinical tools that can directly visualize the
changes in retinal vasculature in a scale down to capillary level.

Fluorescein angiography (FA), as a minimally invasive method, has been treated as the de
facto gold standard for the clinical investigation and diagnosis of the vascular change in
retina. Vascular pathologies such as ischemia and degraded blood-retinal barrier can be
detected based on the observations of dynamic FA images after dye injection. However, due
to its relatively low spatial resolution and lack of depth information, it is difficult to obtain
detailed information of the pathology such as the location of affected vessels and the specific
morphological changes in capillary network [2]. Most recently, adaptive optics scanning laser
ophthalmoscope (AOSLO) based high resolution imaging method has been explored for the
finer imaging and quantification of capillary network in retina [3,4]. However, relatively strict
experimental conditions such as subject fixation, small field of view and high cost for
imaging system, have limited its applications mainly to laboratory and investigational
research.

Optical coherence tomography (OCT) is a high resolution imaging modality that can be
used for both structural and functional imaging of the posterior eye. OCT has been
demonstrated to be a potential tool to study the retinal blood flow based on the principle of
Doppler phenomenon [5-8]. However, Doppler based flow detection is dependent on the
Doppler angle, which is intrinsically insensitive to the particle movement perpendicular to the
probing beam. Most of the retinal blood vessels are running in parallel to the retinal surface
that are almost perpendicular to the incident OCT probe beam, leading to a difficulty in
detecting retinal blood flows using Doppler principle.

In addition to velocity measurement by the direct use of phase changes in OCT signals,
angiographic imaging can also be achieved using other contrast mechanisms. Recently, a
prevalent scanning protocol called B-M scan [9], i.e., repeated B-scans at the same location,
has been utilized to detect the functional vasculature innervated within biological tissues in
vivo. The basic principle is to evaluate inter-frame difference as the mechanism of contrast to
differentiate functional blood flows from static structures. In terms of computational methods,
OCT-based angiography can be generated using the variations of repeated measurements in
OCT intensity [10-12], phase [13,14] or combined complex signals [15—19]. This method has
shown clinical promise particularly for retinal imaging compared to conventional FA because
it is noninvasive and utilizes endogenous contrast without a need for dye injection [20].

Optical microangiography (OMAG) is an OCT-based angiography technique to study
microcirculation perfused within tissue beds, which has been successfully applied to extract
retinal vasculature networks [17,18,21]. A direct subtraction of complex or intensity OCT
signals between repeated B-scans is used to extract the blood flow signal in OMAG. Such
simple differentiation operation is demonstrated very sensitive in the detection of capillary
networks of retina in both normal subjects and patients [22,23]. In repeated B-scans, the
appearance of different physiological layers in retina is relatively homogeneous and stable
except those parts occupied by functional blood vessels. However, in preliminary clinical
study it is found that this method is prone to artifacts caused by hyper-reflective signals from
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some hyper-reflective foci located at specific retinal layers such as hard exudates in patients
with diabetic retinopathy (DR) [24,25] or pigment migration in age-related macular
degeneration (AMD) [26]. OCT speckle is multiplicative in nature [27]. Therefore, any
fluctuation in the OCT signals due to hyper-reflective static structures will induce a large
change in its absolute value, leading to flow artifacts in OMAG. In normal subjects, a multi-
layered structure can be clearly observed in the OCT images of a retina, with higher reflection
mainly coming from the nerve fiber layer (NFL), photoreceptor inner segment (IS)/outer
segment (OS) interface, and retinal pigment epithelium (RPE). These high reflective layers
lead to noticeable artifacts in the OMAG images that degrade the visibility of blood vessels in
enface projection images. These artifacts in normal subjects can be excluded with ease from
the final angiographic enface images by the use of layer segmentation algorithms. However,
when the hyper-reflection is irregularly scattered in space within retina, it is difficult, if not
impossible to remove the associated artifacts in OMAG by segmentation algorithms. On the
one hand, the hyper-reflection can be recognized as clear symptoms of the disease itself such
as a degraded blood-retinal barrier so they may not completely meaningless. On the other
hand, they should be suppressed if the aim of study is to detect the change in the true
vasculature network itself.

In order to suppress the artifacts caused by hyper-reflection in retinal vasculature OMAG
images, we propose a method that utilizes a motion index parameter, such as decorrelation
coefficient, as an independent weighting variable to scale the resulted OMAG signals. For the
sake of brevity, we term this method as weighted OMAG (WOMAG). The remaining parts of
this paper are arranged as follows: OCT systems and scanning protocols are first introduced
briefly, followed by the details of the processing methods for OMAG and proposed wOMAG.
The effectiveness of the proposed technique in suppressing the hyper-reflective artifacts is
then tested using a purposely designed phantom experiment, as well as through two case
studies with hyper-reflective foci in patients with identified retinal pathologies. Finally, the
results of the current study and potential applications of the proposed method are discussed.

2. Material and methods
2.1. OCT system and scanning protocols

A modified Cirrus HD 5000 spectral domain OCT system (Carl Zeiss Meditec Inc., Dublin,
CA, USA) with 68 kHz A-line acquisition speed and a central wavelength of 842 nm was
used in this study for retinal scanning. In the system, the scanning protocol provides a field of
view of either 2.4 x 2.4 mm?® or 3 x 3 mm’ with 245 lines in the fast scan direction (B-mode)
and 245 frames in the slow scan axis. To enable OMAG, a repeated B-scan scanning protocol
is adopted, i.e., B-scans are repeated four times at each slow scan position to extract the flow
signal [17,28]. The time duration for a whole 3D cube scan is ~3.5 s, which is acceptable for a
typical patient study in clinical situations. More detailed description for the scanning
protocols can be found in a previous publication [22].

Recognizing that the phantom study requires a different setup from the ocular optical
system, another custom-designed 92 kHz spectral domain OCT system with a central
wavelength of 1340 nm was employed with the same scanning protocols as in the human
imaging case. Four repeated scans were performed at the same cross-section to extract “blood
flow” information. More details of this system can be found in [28].

2.2. Proposed algorithm of weighted OMAG

The complex OCT signals were firstly obtained by fast Fourier transformation of the
dispersion-compensated k-space spectral data. Before applying algorithms for OCT
angiography, large bulk motion between two repeated B-scans at each position was removed
by a block matching method using cross-correlation as a searching criterion (using a phase
compensation algorithm [21] if complex signal is used). An OMAG algorithm based on the
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complex [17] or intensity [22] signal differentiation can be used to extract the blood flow
signal. Considering the requirement of efficient computation and less storage for potential
real time clinical applications, the intensity-based approach was used in the current study:

1 R-1
R-1<"

Fowsc (x,z)= [i+1(x’Z)_Ii(x’Z)| (M
where I is the OCT intensity signal, R is the number of repeated B-scans at each position (R =
4 in the current study), i indicates the /" repeated B-scan and (x,z) is the coordinate in the fast
scanning direction (the specific A-line in a B-mode image) and the depth direction,
respectively. The calculated flow signal was finally log-compressed with a proper threshold
(typically 3dB above noise floor) for image display.

Although OMAG is quite sensitive to detect vascular networks, including capillaries, it is
prone to artifacts due to strong signals from highly reflecting structures. To mitigate this
problem, we propose a weighted OMAG (WOMAG) algorithm to suppress these artifacts.
wOMAG is defined as the original OMAG flow signal multiplied by a weighting factor that
uses a motion index (MI) as the control variable:

F:v()MAG (X,Z) = F()MAG (X,Z) ’ f(MI(x’Z)) (2)

where the weighting factor f is a monotonic function of the MI. In this study we used the
inter-frame pixel decorrelation coefficient (DCC) as the MI to scale the OMAG flow signals:

1 ZR—I (Im (x,z) —1; (x’z))z

R-177=" 1 (x,z)+1}(x,z)

i+l

Ml(x,z) =D(x,z) =

€)

where D is the decorrelation coefficient. For the scaling factor, different forms of functions
may be selected with respect to the independent variable, such as exponential, power or
sinusoidal functions. It is empirically set as the following power form in the current study:

r0)-(2) @

where D is the DCC for each pixel and D, is a threshold value for scaling. In this study, a
threshold of D, =0.1, n=1 was used to generate the wWOMAG retinal images in order to

maximally preserve the visibility and connectivity (smoothness) of capillaries but reject the
false signals due to hyper-reflective static tissues. The effects of different D, (0.05, 0.1, 0.2,
0.4) at a fixed n = 1 and of different n (0.5, 1, 2, 3) at a fixed Dy = 0.1 on the quality of
vascular image are also evaluated.

For comparison, we also computed OCT angiographic images of the retinal vasculature
with two existing algorithms. The first algorithm for comparison (CAl) calculates the
variance based on the log-compressed intensity signal (LI = log/, where [ is the intensity
signal as defined in Eq. (1) [29]. The logarithmic operation turns a multiplicative noise into
an additive noise so it is less sensitive to the intensity-induced artifacts [29]:

FCA](x,z)Z%Zil(Lli(x,z)—H(x,z))z &)

where E(x,z) is the average log-compressed intensity for the four repeated measurements

at the same point (x, z). From the definition, this method (CA1) can be equivalently seen as a
log-compressed speckle variance method. The second algorithm for comparison (CA2) is the
decorrelation method and it directly uses DCC Eq. (3) as the parameter to generate vascular
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image [30]. The principle is that OCT signal decorrelates along time and the decorrelation is
larger at the point with fast flow than slow flow [31]. As only single point in four repeated B-
scan frames was used for the calculation, the computational cost is greatly reduced in this
algorithm compared to subregion-based decorrelation algorithms [30, 32]. In order to avoid
inaccurate estimation from noisy background, a mask based on intensity thresholding was
used to display the final image for both methods (CA1 and CA2).

2.3. Phantom study

An agar phantom was built to test the effectiveness of the proposed algorithm in suppressing
the artifacts caused by hyper-reflection. The method used to fabricate the agar phantom was
similar to that reported in the literature [33]. Milk drops were added in 2% agar solution
during the preparation process to increase its optical scattering. An aluminum wire with a
diameter of 1.2 mm was embedded in the phantom to simulate the hyper-reflective feature
and its effect on “blood flow” detection. Note that the phantom contained no moving parts.
Thus, the ideal OMAG image of this phantom should be black, i.e. no flow signal. For OCT
imaging, only one cross-section was scanned. Each B-scan consisted of 256 A-lines
corresponding to a scan range of 1.5 mm.

2.4. Case study on patients

Clinical data set were obtained from the left eye of a patient with diabetic retinopathy (DR)
and the left eye of a second patient with polypoidal choroidal vasculopathy (PCV). For the
DR patient, the macular region of 3 mm X 3 mm around the fovea was scanned and for the
PCV patient, a temporal peripapillary region of 2.4 mm % 2.4 mm was scanned. Enface
projection image was used to display the vascular networks located at different retinal layers.
In this study, the retina was segmented into three layers: the inner retina from ganglion cell
layer (GCL) to inner plexiform layer (IPL), the middle retina from inner nuclear layer (INL)
to outer plexiform layer (OPL) and the outer retina from outer nuclear layer (ONL) to
external limiting membrane (ELM) [22]. The outer retina layer is an avascular layer in normal
subjects. But in pathological situations, new vessels may grow into this layer. These three
layers were semi-automatically segmented based on OCT structural images using custom-
written C + + coded software [34]. Fluorescein angiography (FA) of the studied region was
provided here as a reference and for comparison. In the DR patient, the detailed results of
OMAG and wOMAG are given in comparison with the other two OCT-based angiography
methods CA1 and CA2. While in the PCV patient, only results of OMAG and wOMAG are
given. The use of a modified Zeiss Cirrus HD SD-OCT prototype system for patient imaging
was approved by the Institutional Review Board (IRB) of the University of Washington and
consent form was obtained from each patient before examination.

3. Results

Figure 1 shows the results from phantom experiment. A hyper-reflective feature is clearly
observed at the agar-wire interface in the structural image (Fig. 1(A)). After data processing
using the intensity-based OMAG algorithm, the hyper-reflective artifacts appear in the flow
image as shown in Fig. 1(B). Note that the phantom surface was adjusted oblique to the
incident optical beam in order to decrease the amplitude of reflection from the air-agar
interface. However, there was still some strong reflection from this interface, which also
shows up as artifacts in the flow signal (Fig. 1(B)). When the same data set were processed
using WOMAG, artifacts were suppressed by ~26 dB and were completely removed as shown
in Fig. 1(C). This experiment demonstrates the proposed wOMAG algorithm is effective in
suppressing the artifacts of OMAG induced by hyper-reflective static structures in the
phantom.

For the DR patient study, two typical B frames that contain hyper-reflective foci have
been selected to demonstrate how the algorithms work. The results are shown in Fig. 2. From
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Fig. 2(C) and Fig. 2(D), it can be clearly observed that OMAG is very sensitive to the flow
signal, but those hyper-reflective foci also show up in the image, which are regarded as the
artifacts in terms of vasculature detection. The proposed wOMAG algorithm can effectively
suppress these artifacts as shown in Fig. 2(E) and Fig. 2(F). For the methods CA1 and CA2,
they can also suppress the hyper-reflection artifacts well and perform very similarly with each
other for the typical B-frames shown in Fig. 2(G) to Fig. 2(J). However, it is noticeable that
they over-suppress the flow information especially the capillaries in the deep retinal layer
when compared with OMAG results. The wWOMAG algorithm, on the other hand, works well
to provide a better balance between the sensitive detection of capillary network and the
suppression of hyper-reflective artifacts.

Fig. 1. (A) OCT structural image of the phantom, showing a clear hyper-reflective interface
between the agar and the wire. (B) OMAG processing of the repeated measurements at this
cross-section showing the artifacts of flow induced by the hyper-reflective structure. Also note
some artifacts of flow from the strong reflection induced by the air-agar interface. (C)
wOMAG processing of the same data set showing that the artifacts are completely suppressed.
The scale bar in (A) indicates 500 um.

To better compare the performances of different algorithms, enface images using
maximum intensity projection were generated in the three retinal layers from the scanned
tissue volume and the results are shown in Fig. 3. From the OMAG enface images (Fig.
3(C1)-3(C4)), the hyper-reflective artifacts can be clearly observed in the retinal layers,
especially in the middle retinal layer, as shown by patches of green in Fig. 3(C4). When
viewed from the whole retinal OMAG image, the details of blood vessels can hardly be
observed because of the hyper-reflection induced artifacts. For wWOMAG, the artifacts induced
by hyper-reflective foci have been suppressed effectively while the details of the capillary
network, especially those in the deep retinal layer are seen clearly. CA1 and CA2 perform
comparably with each other and they both can suppress the hyper-reflective artifacts well.
However, the continuity and smoothness of the vasculature are compromised in CA1l and
CA2 compared to that of OMAG and wOMAG. The degradation of vascular image quality in
CAl and CA2 is especially observed in the middle retinal layer (Fig. 3(E2) and Fig. 3(F2))
where most of the blood vessels are capillaries that are more vulnerable to pathological
attack. With respect to pathological changes of the vasculature in this eye, severe capillary
dropout can be clearly observed from both the inner and middle retinal layers. The OCT-
based vascular images show a good correspondence with FA in terms of blood vessel
distribution.

In order to observe the overall distribution of the speckle DCC for all the pixels in the
scanned volume, a frequency histogram and cumulative frequency histogram were produced
as shown in Fig. 4. A monotonically decreasing trend of frequency for the DCC is observed
and 50% of the coefficients lie below 0.1, which most probably indicates the static part of the
tissue. As shown in frequency histogram, there is no clear cutoff value of DCC that can be
used as a threshold to separate the static tissue from the blood vessels. As a result, further
study is conducted to show how the threshold D, and » in the weighting factor of Eq. (4)
affect the results. Figure 5 shows the results of enface WOMAG images of the whole retina
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when D, changes at four values: 0.05, 0.1, 0.2 and 0.4 while » = 1 (A-D), and n changes at
four values: 0.5, 1, 2 and 3 while D)= 0.1 (E-H). The results of WOMAG are almost the same
when D, changes with a fixed n, which was found to be related to the log-compression in the
display of image (see details in the Discussion section). When 7 increases, there is a better
suppression of the hyper-reflection and the blood vessels become brighter with an increased
image contrast; however, there is a loss of smoothness and connectivity of the small blood
vessels, which should be avoided. It was found n = 1~2 is appropriate for obtaining
reasonable results with satisfactory artifact suppression.

Fig. 2. (A) OCT structural projection image of the retinal tissue only (between ganglion cell
layer and external limiting membrane) in the DR patient. (B) OCT structural projection image
of the whole posterior eye including the choroid in the DR patient. (C)(E)(G)(I) and
(D)(F)(H)(J) show the comparison between different methods (OMAG, wOMAG, CAl and
CA2, respectively) for detecting the blood flow in two typical B-scans at Line 1 and Line 2 as
shown in (A). Structure is shown in grayscale and flow is shown in red. The scale bar in (C)
indicates 500 um.
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® _>7 Inner retinal layer
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Fig. 3. (A) A schematic showing a typical segmentation of the three retinal layers based on the
structural OCT image. (B) Zoomed FA corresponding to the OCT scanned region. (C)-(F)
show the en face vascular images of the different layers using OMAG, wOMAG, CAl and
CAZ2, respectively. “1” stands for the inner retinal layer, “2” for the middle retinal layer, “3”
for the outer retinal layer and “4” for a color coded display of the total retina with red
indicating the inner retina, green for the middle retina and blue for the outer retina. The scale
bar in (Cl) indicates 500 pm in both dimensions. In D4 the white circle shows the region
where capillaries can be seen more clearly in wOMAG than others.
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Fig. 4. (A) Frequency and (B) cumulative frequency histograms of the decorrelation
coefficients in the scanned volume.
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Fig. 5. (A)-(D) En face vascular imaging of the whole retina for different DO (0.05, 0.1, 0.2,
0.4) while n = 1; (E)-(H) En face vascular imaging of the retina for different n (0.5, 1, 2, 3)
while DO = 0.1. The error bar in (A) indicates 500 um.

Results of OMAG and wOMAG in the left eye of the PCV patient are shown in Fig. 6.
For this eye, most of the hyper-reflective foci in OCT image are located in the superior part of
the image near the PCV. Similar to the DR patient, the hyper-reflection foci mainly exist in
the middle and outer retinal layers. Compared with OMAG, the angiograms of wWOMAG are
mostly free of the hyper-reflective artifacts and give a clearer view of the capillary networks.

4. Discussion

OMAG is a sensitive and effective method to detect functional capillary network in retina.
However, the direct subtraction of OCT intensity signals among repeated B-scans in OMAG
is prone to artifacts caused by hyper-reflective static tissues, which are commonly seen in
patients with certain pathologies such as DR, AMD and PCV. In this study, a simple
weighting method was proposed to suppress the hyper-reflection-induced artifacts in OMAG.
An agar phantom study clearly showed the effectiveness of the proposed wOMAG method.
Results of the case study in the DR patient demonstrated that compared to the other two OCT-
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based angiography methods, the proposed method was superior in suppressing the artifacts
while still maintaining a higher integrity of the detected capillary network in retina. The
results obtained from the PCV patient further confirmed the effectiveness of the proposed
method. Related topics of this study are discussed as follows.

Fig. 6. (A) Color fundus image of the left eye (OS) in the PCV patient. A red rectangular
window shows the region where OCT scan was performed. The inset at right upper corner
shows the OCT structural en face image of the retina. (B) FA image of the scanned eye. Arrow
shows where PCV exists and the red rectangular window shows the OCT scan region; (C) and
(D) show the results obtained from OMAG and wOMAG without and with suppression of
hyper-reflective artifacts. Refer to Fig. 3 for detailed explanation of 1-4 related to the color
coding scheme. The scale bar in (C1) indicates 500 pm in both dimensions.

4.1. Hyper-reflection and DR

It is not unusual to observe scattered hyper-reflective foci in OCT images acquired from eyes
with retinopathies including DR. It has been demonstrated in literature that there is no one-to-
one correspondence among hyper-reflective spots observed in different imaging methods such
as infrared fundus photograph, color fundus photograph, and OCT [24]. It is common that the
hyper-reflective foci seen in OCT are not observed in other imaging methods. These foci may
represent hard exudates or precursors of hard exudates, implying that OCT may be more
sensitive to the detection of earlier retinal pathological changes than other modalities [35].
Constituents of the exudates are believed to mainly include lipid and proteins as extravasation
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from the degraded blood-retinal barrier. Therefore, artifacts due to the hyper-reflective foci
showing up in OMAG angiograms may not necessarily be useless. They clearly indicate that
the vessels near the foci are most probably associated with degraded blood-retinal barrier.
Hyper-reflective foci developing into the outer retina beyond ELM has been demonstrated to
have a close relationship with the degradation of vision acuity [25]. Nevertheless, if the
objective is to study the morphological information of vascular network itself, it is still
necessary to develop suppression methods that can efficiently remove these artifacts for a
clearer view of the microvascular circulation networks.

4.2. Proposed suppression method for hyper-reflection artifacts

The artifacts induced by hyper-reflective static tissues are mainly caused by the high intensity
of the OCT signal involved in the calculation of the flow signal using OMAG algorithms.
Speckle in OCT is known to be multiplicative [27] and direct subtraction of the OCT intensity
signals in the OMAG algorithm would make the results highly dependent on the intensity,
i.e., signal to noise ratio (SNR) of the detected tissue [29]. In this study, we employed a
weighted OMAG algorithm that utilizes a motion index, i.e. decorrelation coefficient, as an
independent control variable to scale the OMAG flow signal so that the suppression of the
artifacts is achieved. One advantage of choosing the decorrelation coefficient as the control
variable is that it is a normalized value between 0 and 1 for convenient use. The decorrelation
coefficient is used as an indicator of stability of the OCT signal. A smaller decorrelation
coefficient more likely indicates that it is a static structural point so that the OMAG flow
signal should be down-scaled to reduce the potential effects caused by hyper-reflection. On
the other hand, if the decorrelation value is high, it more likely indicates a point with moving
particles so that the OMAG flow-signal can be up-scaled correspondingly to enhance the
detection of blood vessels. The image contrast is significantly increased in wOMAG
compared to that of OMAG (for example, in terms of image contrast defined by a standard
variation/mean of all pixels, it is 0.88 and 1.08 for Fig. 3(C1) and Fig. 3(D1), respectively).
With respect to the weighting functions, two variables with a threshold value D, and a
nonlinear scaling factor n are used for controlling the magnitude of scaling. It was found that
the change in D, does not actually affect the image quality, which is due to the use of a
logarithmic compression in displaying the final flow image. This log-operation converts
multiplication into addition where different D, only indicates the difference of a constant.
Therefore, the effect of D, can be removed by a proper thresholding in displaying the flow
image. Through the histogram study D, (Fig. 4), it is clear that no critical cutoff value can be
used to differentiate the moving from the static tissues. Therefore, it is advantageous that no
critical value of D, is needed in obtaining optimal wOMAG images. In practical
implementation, a typical threshold value such as Dy = 0.1 can still be used for wOMAG.
However, it should be noted that a proper thresholding scheme is critical to generate the
wOMAG images with good quality when different D, is used. For the nonlinear factor n, it
was demonstrated to achieve a good balance between artifact suppression and vessel
smoothness (connectivity) when choosing a value between 1 and 2. A smaller value such as
0.5 cannot remove the artifacts well but a larger value such as 3 will make the vasculature
network look disconnected with scattered bright spots, losing the smoothness of the network.
This finding was quite consistent with statistical analysis for the decorrelation coefficients
presented in Fig. 4, where no abrupt change of the frequency is observed. A constant change
of the scaling function with the decorrelation coefficient would be better for the purpose of
maintaining the visibility of blood vessel networks while suppressing the artifacts. It is
uncertain whether the selected decorrelation coefficient is optimal as a control variable for
scaling OMAG flow signal. In principle, any variable, free of hyper-reflection induced
artifact can be incorporated in this scaled OMAG approach, such as the phase variance.
Another related consideration is the computational complexity. The control variable should
not impose high computational cost to overall system so that real time imaging is still
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possible when this method is used in a clinical platform. The decorrelation coefficient used in
the current study is computationally affordable. The search of an optimal control variable,
however, warrants further investigations

4.3. Comparison of different OCT angiography methods

The other two methods, i.e. log-intensity based speckle variance (CAl) and decorrelation
coefficient (CA2) based OCT angiography, were also used to generate the enface vasculature
images. CAl can successfully suppress the artifacts induced by hyper-reflection because a
logarithmic operation is firstly conducted before the calculation of variance, which reduces
the effect of large baseline amplitude in computing the variance. In CA2, intensity
normalization is conducted in calculating the decorrelation coefficient, leading to the
suppression of the hyper-reflection effect. The enface vasculature images generated by these
two methods were found to be quite similar. However, when compared to wOMAG, part of
the capillary information is lost especially for vessels located within deeper retinal layers, as
seen by less green vessels in the color-coded enface images (Fig. 3(D)-3(F)). The less
visibility of capillary in CA1 and CA2 is believed to be caused by the uncontrolled nonlinear
effect in the logarithmic or correlation analysis when the intensity of OCT signal becomes
small. This can be understood by considering log4 — logB = logd/B and (4 - B)*/(A* + B%). In
this case the result can be amplified with a small B from static structure or background noise.
For the CAl and CA2, the flow signal from static structure with a low intensity may be
magnified, making it inseparable from that of capillaries. Although the amplification still can
happen in the case of WOMAG, it is in a better controlled manner with the original OMAG
signal as a baseline in scaling (Eq. (1). Therefore, it has a better ability to maintain the
visibility of the small blood vessels, i.e., the capillary network.

4.4. Vascular imaging for detecting retinopathies

Due to the ability of WOMAG in the suppression of artifacts induced by hyper-reflection, the
vascular network can be seen more clearly. From the vascular images, several morphological
changes characteristic of pathologies such as DR can be identified, including capillary drop-
out (arrows in Fig. 7(A)), capillary tortuosity or bypass (arrow head in Fig. 7(A)) and possible
microaneurysms (diamond in Fig. 7(A)). With structural OCT images, additional pathologies
such as edema (arrow in Fig. 7(B)) or pigment epithelial detachment (Fig. 7D) can be further
observed, which would be helpful in a comprehensive diagnosis of the disease severity when
combined with vascular images from wOMAG.

Fig. 7. (A) wOMAG of the left eye in the DR patient showing pathologies including capillary
drop-out (arrows), tortuosity (arrowhead) and possible microaneurysm (diamond). (B)
Structural OCT scanned at the dotted line of (A) showing the coexistence of an edema in the
region with significant capillary dropout. (C) wOMAG of the left eye in the PCV patient. (D)
Structural OCT scanned at the dotted line of (C) showing the existence of a pigment epithelial
detachment below the hyper-reflective foci. The scale bar in (A) and (B) indicates 500 pum.

4.5. Potential applications

The proposed wOMAG is also useful in normal retina where the reflection of specific layers
is strong, including the nerve fiber layer (NFL) and the RPE. For NFL, it is particularly thick
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near the optic nerve disc so WOMAG can be applied to the disc region for a better observation
of the vasculature and associated pathologies such as glaucoma. For RPE layer, the
suppression of its artifacts may be useful for studying the choroidal vasculature, especially the
choriocapillaris that is just beneath the RPE, which is otherwise inseparable without the
suppression of hyper-reflective RPE. As discussed previously, hyper-reflection is commonly
seen in quite a number of posterior eye pathologies including DR [24], AMD [26] and
macular telangiectasia [36], and therefore the proposed wOMAG is also useful for the
investigation of various ocular diseases.

5. Conclusions

In this study, a weighted OMAG method is proposed to suppress the artifacts caused by
hyper-reflection while optimally keeping the visibility and connectivity of the capillary
network in OCT angiographic imaging. This method was demonstrated to be effective firstly
in a phantom and then in two patients with the appearance of hyper-reflective foci in retina.
Typical pathological changes such as capillary drop-out, tortuosity and microaneurysms
associated with DR were successfully observed in wOMAG images after removing the
artifacts. The proposed method is low cost in computation, which is important for clinical
translation. Future study is currently being planned in a large cohort of patients with various
retinopathies to test the clinical value of this method.
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