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ABSTRACT

Optical coherence tomography (OCT) based angiography de-
vices were introduced for research purposes in 2014 and are
now appearing in clinical settings. OCT-A, as this is known,
exhibits what is referred to as the shadowgraphic flow projec-
tion artifact, which causes blood vessels to have an elongated
appearance in A-scans. Existing approaches for resolving
this artifact rely on the flow signal in superficial layers along
the same A-scan to remove projection artifacts in deeper lay-
ers, essentially treating the problem as a 1D correction. We
however, propose to use characteristics of the projection ar-
tifacts in 3D. Specifically, we use the tailing effect of the
shadowgraphic flow projection artifact to remove the artifacts
in the inner retina. We demonstrate that our projection arti-
fact suppression method produces better OCT-A images when
compared with a previously reported correction method, both
qualitatively and quantitatively.

Index Terms— Projection Artifact, Optical coherence to-
mography, Optical coherence tomography angiography

1. INTRODUCTION

Optical coherence tomography (OCT) angiography (OCT-A)
is a recently developed imaging modality that provides vi-
sualization of the 3D blood vessel networks [1–8]. OCT-A
compares sequential OCT B-scans taken at precisely the same
cross-section in order to detect contrast induced from flowing
blood. However, the presence of shadowgraphic flow projec-
tion artifacts obstructs the interpretation of vascular networks
in deep layers [9–12]. The projection artifact appears as false
blood flow that should be avascular. We can visually iden-
tify the projection artifact induced by large vessels in OCT-A
by two features: in en face angiograms it appears as a dupli-
cated vascular pattern in deep retinal layers by vessels from
superficial retina (see Figs. 1(a) and (b)); in cross-sectional
angiograms it appears as elongated flow signals right beneath
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Fig. 1. Shown are the en face angiogram produced by max-
imum projection for the (a) GCIP (GCL and IPL), and the
(b) ONL. The cross-sectional angiograms indicated by the
green line in (a) and blue line in (b) are shown in (c) and (d).
Projection artifact can be identified in (b) by the repeated vas-
cular pattern and in (c) and (d) by elongated flow signal

an in situ flow (tailing effects) (see Figs. 1(c) and (d)). Current
projection artifact removal methods focus on suppressing the
duplicated vascular pattern in the 2D en face angiogram of the
outer retina [13, 14]. Zhang et al. proposed a 3D method [9],
which identifies a voxel as an in situ flow voxel if it has higher
intensity-normalized decorrelation values than all shallower
voxels in the same A-scan. These methods are similar in the
sense that each A-scan is processed independently and no in-
formation from adjacent A-scans is considered.

In this paper, we use the three eigenvalues of the Hessian
matrix to detect the tailing effect in 3D OCT-A, and remove
them from the inner retina. We demonstrate that our projec-
tion artifact suppression method (PAS-OCTA) produce bet-
ter projection-removed OCT-A compared with the projection-
resolved method (PR-OCTA), both visually and numerically.



Fig. 2. Demonstration of vessel along with its tailing effects
in 3D. The in situ flow shows as red vessel and display ves-
selness while tailing of in situ flows (shaded region) shows
as a vertical plate-like structure and display plateness. When
a capillary intersects with the tailing of a superficial flow, all
three eigenvalues at the intersection region are large and show
neither plateness nor vesselness.

2. METHOD

The Frangi filter [15] has proved to a successful vessel detec-
tor in both 2D and 3D. It uses the eigenvalues (|λ1| ≤ |λ2| ≤
|λ3|) of the Hessian matrix to construct a vesselness measure
as
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where RA = |λ2|/|λ3|, RB = |λ1|/
√
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Frobenius norm of the Hessian matrix. It follows the idea that
the eigenvalues of the Hessian matrix correspond to the inten-
sity change in three principal direction. For a vessel in 3D,
two large eigenvalues and one small eigenvalues are expected
and result in a large vesselness in Eqn. 1.

In applying the 3D Frangi filter in OCT-A, we observe
that some vessels shown in C-scans have a high vesselness
whereas others do not. This observation is explained by the
fact that the tailing artifact induced by an in situ flow in 3D
is shown as a vertical plate-like structure instead of a vessel,
as shown in Fig. 2. Two eigenvalues of the Hessian matrix in
a plate-like structure are small and one eigenvalue is relative
larger. Therefore, we propose to use plateness P to measure
the probability that a structure belongs to a plate:
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where p = 3 controls the intensity of plate-like structure to
be detected. We show in Fig. 3 that the in situ flow and its
projection artifacts can be identified by plateness while only
in situ flow are identified by vesselness. Thus, we conclude
that projection artifacts in the inner retina can be resolved by
suppressing the intensity of voxels with large plateness and
small vesselness. We also note that for the situation depicted
in Fig. 2, where a capillary in the deeper retina intersects with
the projection artifact plate, as it will neither show as a plate-
like structure or a vessel-like structure, its intensity is not sup-

pressed. As a result, the integrity of deeper capillary networks
can be preserved.

We also observe in the cross-sectional OCT-A in Fig. 3,
that contrary to what we expect from the shape of vessels
with its projection artifact—a round shape head with tailing—
some vessels also have the appearance of spikes above them.
This explains why plateness appears both above and below
the vesselness in the example shown in Fig. 3.

For an OCT-A and corresponding OCT volume, we resize
both to the correct physical dimension, estimated the ILM
and IS/OS boundaries by a preprocessing method [16] and
approximate the inner retina as the region between those two
boundaries. The vesselness V and plateness P are calculated
in the inner retina for two scales (σ = 1 and 2 voxels) and then
normalized to [0, 1] along each A-scan. To remove false ves-
selness and plateness created by intensity variation between
layers, along each A-scan we keep successive higher vessel-
ness peaks within each plateness peak and remove plateness
peaks that contains no vesselness peaks. We define a suppres-
sion factor M as:

M = min(1, 1− V + P) (3)

The projection artifact is suppressed by multiplying the orig-
inal OCT-A with the suppression factor M .

Our method does not depend on device-specified normal-
ization, accurate segmentation of layers in the inner retina, or
segmentation of vessels in en face angiograms. In contrast
to the projection-resolve algorithm [9], which removes every-
thing and does not distinguish in situ flow, we only remove
tailing artifacts that are detected and leave most of the inten-
sity unchanged.

3. RESULTS

3.1. Data

The data used in this work were obtained from a Cirrus an-
giography prototype spectral-domain OCT system (central
wavelength = 840 nm) (Carl Zeiss Meditec Inc, Dublin, CA).
27 OCT-A and corresponding OCT from 19 multiple scle-
rosis (MS) patients and 8 healthy subjects were used. Each
volumetric data set covered a 3 mm by 3 mm scanning area
centered at the fovea. Each single B-scan consists of 245 A-
scans. For each A-scan, 1024 sampling points were generated
along a 2.0 mm axial scan depth.

3.2. Validation

Layers from OCT volume were segmented using AURA
tools [16], which segments eight layers (RNFL, GCIP, INL,
OPL, ONL, IS, OS, RPE) from the retina. Five layers (RNFL,
GCIP, INL, OPL, ONL) in the inner retina were used to cal-
culate the corresponding en face angiograms by maximum
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Fig. 3. Shown in the top row of (a) are an OCT-A C-scan, with the bottom row showing the B-scan corresponding to the green
line in the C-scan. Shown in (b) and (c) are the 3D vesselness and plateness, respectively, for the same regions of the OCT-A
image. In the cross-sectiona angiogram, the tailing effect together with the in situ flow are identified by plateness whereas
vesselness only response to in situ flow.
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Fig. 4. A comparison of the projection-resolved method (PR-OCTA) and our method (PAS-OCTA) using the en face angiograms
of 5 layers in the inner retina. The original OCT-A with projection artifacts are shown in the first row. En face angiograms from
PR-OCTA and PAS-OCTA are shown in the middle row and bottom row, respectively.

projection (Fig. 4). Without projection artifacts, distinct vas-
cular patterns should be visualized in each angiogram and
therefore, the Pearson correction coefficient r given by

r(X) =

∑
(X − µX)(Y − µY )

σXσY
(4)

should be close to zero, where X is the en face angiogram
of a deeper layer and Y is the angiogram of all layers above
X . We compared our method to the original OCT-A and to
PR-OCTA [9]. All values were adjusted using the correlation
coefficient between a 180◦ rotated OCT-A en face angiograms
and its unrotated superficial angiogram. It can be seen from
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Fig. 5. A C-scan from OCT-A is shown in (a) top, with the cross sectional angiogram indicated by the green solid line shown
in (a) middle. We manually track the locations of a large vessel (indicated by the white arrow in (a) top) in a small region
(indicated by the dotted white bounding box in (a) top) and the intensity of those locations along their A-scans are shown in (a)
bottom. The corresponding figures produced by PR-OCTA and PAS-OCTA are shown in columns (b) and (c), respectively.

Fig. 6 that the absolute value of correlation for our method
is smaller across all layers in the inner retina. More impor-
tantly, our method does not produce a negative correlation in
the OPL and ONL, meaning that for these layers, there are no
obvious shadowing effects created by the our algorithm.

Figure 5 illustrate the benefit of detecting projection ar-
tifacts in 3D. Even though the en face angiograms looks
similar for the GCIP layer, if we look at individual C-scans,
PR-OCTA produced ill-shaped vessels while PAS-OCTA
successfully recovers the round shape vessel.

Our algorithm is implemented in MATLAB and run on
a four core 3.1GHz Linux computer. The average computa-
tional time for each volume is 72.7± 6.0 seconds.

4. CONCLUSION

In this paper, we proposed a 3D shadowgraphic flow projec-
tion artifact removal method for the inner retina. The ab-
solute value of correlation coefficients suggests our method
produces better results compared with PR-OCTA in terms of
removing duplicated vascular pattern in en face angiograms
of inner retina. We also show that our method is more vi-
sually attractive when examined in individual C-scans and in
cross-sectional angiograms.
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Fig. 6. Correlation between the a deeper layer and and all its
superficial layers are calculated for the original OCT-A, PR-
OCTA, and our method (PAS-OCTA).
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