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Abstract: Anautomated choroidal vessel segmentation and quantification
method for high-penetration optical coherence tomography (OCT) was
developed for advanced visualization and evaluation of the choroidal vascu-
lature. This method uses scattering OCT volumes for the segmentation of
choroidal vessels by using a multi-scale adaptive threshold. The segmented
choroidal vessels are then processed by multi-scale morphological analysis
to quantify the vessel diameters. The three-dimensional structure and the
diameter distribution of the choroidal vasculature were then obtained. The
usefulness of the method was then evaluated by analyzing the OCT volumes
of normal subjects.
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1. Introduction

The choroid is ahighly vascular layer lying between the retinal pigment epithelium (RPE) and
the sclerain the posterior eye segment and it accounts for oxygen and nourishment supply to the
outer layer of the retina [1, 2]. Morphological alteration of the choroidal vasculature plays an
important role in the development of some ocular diseases related to circulation abnormalities
such as glaucoma and aged-related macular degeneration (AMD) [3-5]. Therefore, imaging of
the choroidal vasculature has drawn significant interest in ophthalmology.

Indocyanine green angiography (ICGA) is a common method to image the choroidal vas-
culature [6] and employs near-infrared (NIR) excitation light and NIR-detection for enhanced
penetration beyond fluorescein angiography . However, ICGA only provides an en face projec-
tion of dye contrast and does not provide good depth resolution. Signal overlapping in different
layers will degrade the vessel contrast especially in those areas where the capillaries are dense.
Moreover, ICGA requires dye injection, which is uncomfortable for the patient and can cause
severe adverse reactions [7, 8].

Optical coherence tomography (OCT) has become a powerful imaging modality in oph-
thalmology by its cross-sectional and three-dimensional (3-D) imaging capability with high
resolution [9, 10]. Currently clinical ophthalmic OCT employs a probe beam with a 800-nm
wavelength band, which is significantly attenuated by the RPE and the choroid because of
strong absorption and scattering, and provides only alimited penetration into the choroid. En-
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hanced depth imaging (EDI-) OCT offers clear images in the choroid by averaging multiple
B-scans [11], and it has been utilized to measure the choroidal thickness [11, 12]. However,
because EDI requires multiple B-scan acquisition at asingle retinal position and hence requires
relatively long measurement. This nature makes EDI not suitable for 3-D visualization of the
choroid.

An aternative method for choroidal imaging is high penetration (HP-) OCT that uses a probe
beam at 1-um wavelength band [13-15]. Several extensions of HP-OCT have also been de-
veloped to enable detailed and/or quantitative assessment of the choroid, such as choroidal
thickness measurement by using birefringence property of sclera[16,17], the choroidal vessel
network visualization based on its scattering property [18], and non-invasive choroidal vessel
angiography by using Doppler OCT detection [19-21].

The structure of the choroid is generally divided in to four layers; Haller's layer, Sattler’'s
layer, Choriocapillaris, and Bruch’s membrane from the outer to inner layers [2]. Besides the
Bruch’s membrane, the other three layers are formed by dense vessels and distinguished from
each other by their vessel diameters. Haller’s layer consists of blood vessels with large diame-
ters, lying the out most layer of the choroid. Sattler’slayer isalayer consisting of blood vessels
with medium diameter. Choriocapillarisisimmediately posterior to the Bruch's membrane and
consists of small capillaries.

Recently, the whol e thickness of the choroid has been regarded as an important parameter for
diagnosissinceit is highly related to several pathological conditions [22—26]. However, it does
not fully represent the choroid property and occasionally results in invalidation of diagnosis.
For example, it is reported that glaucoma can result in either thinning or thickening of the
choroid in different stages [27]. One of the hypotheses explaining this inconsistency is such
that different alteration of vasculature occurs at each sub-layer of the choroid [28]. A 3-D
visualization and thickness measurement of the choroidal vessels would reveal the detailed
variation of the choroid and offer a better understanding of pathology. Hence, segmentation
and quantification of the choroidal vessels is critical for investigation and diagnosis of many
ocular diseases.

Since vessel segmentation in medical imagesis an essentia step in the diagnosis of various
diseases, many agorithms for vessel segmentation of 2-D or 3-D data have been proposed
[29, 30]. Choroidal vessel segmentation can provide not only an intuitive visualization of the
choroidal vasculature but al so semi-quantitative morphological information, which isimportant
to increase the understanding of pathogenesis of circulation-related ocular diseases. Generally,
vessel segmentation can be achieved through two different strategies; tracking-based methods
[31] or window-based methods[32]. Tracking-based methodsrely on region tracking with given
or detected seedsto extract the vessels, while window-based methods detect the boundary or the
ridge of the vessels by using filters. Tracking-based methods are usually time-consuming, while
window-based methods often require further refinement such as performance enhancement by
using machine-learning algorithms [33, 34].

Recently, Li et al. developed an automated choroidal vasculature segmentation method by
using seed-detection and region growing approaches and provided 3-D visualization and seg-
mentation of the choroidal vasculature [35]. Kgji¢ et al. presented a method for a fully auto-
mated vessel segmentation that employed a multi-scale 3-D edge filter [36]. Although these
methods performed well in the literature, the mathematical models and programming of these
segmentation algorithms are relatively complicated.

The adaptive threshold method is one of the simplest window-based methods for segmenta-
tion. This method classifies the image pixels of a gray-scale image into two classes by using
local thresholds determined by the properties of small sub-sections of the image. The back-
scattering coefficient of blood is much lower than that of other tissues in the choroid, so the
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intensity of the OCT signal at the vessel region is relatively low. Thus, the adaptive threshold
method is a candidate for a simple choroidal vessel segmentation method.

Quantitative analysis of the choroidal vasculature isimportant for investigation of the patho-
genesis and clinical diagnosis of ocular diseases. For example, Sohrab et al. reported a quanti-
tative analysis of the choroidal vasculature in AMD based on the choroidal vessel density that
was measured by spectral domain OCT [37]. However, the choroidal vessel features have not
been further evaluated.

The measurement of choroidal vessel thickness and discrimination of the internal layersin
the choroid areimportant for the quantitative eval uation of the choroidal vasculature. The vessel
diameter distribution can provide valuable information to understand ocular circulation and
vasculature. However, thistask is challenging because the choroidal vessels are densely packed
and are also highly twisted. In this paper, we present an automated framework to segment and
quantitatively characterize the choroidal vesselsin volumetric OCT obtained by HP-OCT. First,
the choroidal vessel is segmented by awindow-based vessel segmentation method. This method
is a customized multi-scale adaptive thresholding-based segmentation which works on an en
face OCT dlice at a constant relative depth to the RPE. After the segmentation, the thicknesses
of the choroidal vesselsare quantified by multi-scale morphological analysiswhich again works
on the en face OCT with a constant depth to the RPE. A generalized schematic is shown in Fig.
1. After these processes, the choroidal vasculature is displayed by both 3-D volume rendering
and depth-resolved en face projection. Our proposed approach is applied to normal eyes and
visualizes the choroidal vasculature with quantified vessel thicknessinformation. It enables the
non-invasive quantitative analysis of choroidal vasculature.

2. OCT system and measurement protocol

The algorithms described in this paper were designed to work with high-penetration OCT witha
probe beam at a 1-um wavelength band. The details of the system are described elsewhere[19].
In short, the HP-OCT system is a swept-source OCT using a wavelength scanning light source
with a center wavelength of 1060 nm, a spectral scanning width of 120 nm, a full-width-half-
maximum bandwidth of 100 nm, and a scanning speed of 100,000 scans/s. Owing to these
specifications, the HP-OCT possesses a measurement speed of 100,000 A-lines/s and the -6
dB depth resolution was measured to be 11.0 um in ar (8.0 um in tissue). The transversa
resolution was designed to be 30 um on the retina.

To obtain an OCT volume, a 6 mm x 6 mm macular region was scanned with 256 B-scan
frames. Each frame consists of 2048 A-lines, where the scanning protocol was a horizontal-fast
raster scan. These scanning parametersresulted in avoxel size of 2.9 um (x, horizontal) x 23.4
um (y, vertical) x 3.7 um (z, depth) in tissue. The measurement time was 6.6 s/'volume with
an 80%-duty of afast saw-tooth horizontal scan.

The probe power on the corneawas around 1.8 mW which isbelow the ANS| safety standard
[38]. The sensitivity was measured to be 99.1 dB in which the recoupling loss at the fiber tip of
the sample arm is compensated.

3. Choroidal vasculature segmentation

With HP-OCT, the choroidal vascular patternis clearly visualized in the en face slices extracted
at the choroid. A customized procedure was developed to segment the 3-D choroidal vascula
ture. First, the choroid and a part of the sclera are extracted from the OCT volume and the
extracted volume is flatten to RPE. So the en face dlice of this flatten volume is a slice with a
constant rel ative depth to the RPE and hence is denoted as an RPE-flattened slice. A multi-scale
adaptive threshold-based segmentation method was devel oped and applied to the RPE-flattened
slicesfor choroidal vessel segmentation as well as segmentation artifact removal.
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Fig. 1. A schematic of the framework for the choroidal vessel segmentation and quantifi-
cation method. The dashed lines represent the same operation with a 375-um window, i.e.,
adaptive thresholding, busynessfiltering and rejection of false vessel pixels, but with differ-
ent window size except 47-um. For the 47-um window, the Busyness filter is not applied
because this window does not possess enough number of pixelsto apply the busynessfilter.
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(d)

Fig. 2. En face dlices extracted at (8) 25 um, (b) 100 um, (c) 175 um, and (d) 250 um
beneath the RPE. The white and black represent hyper- and hypo-scattering, respectively.

3.1. Choroidal volume extraction

To roughly identify the choroidal region and extract the choroidal slices at each depth, Bruch's
membrane was segmented automatically. We employed amethod similar to that utilized in Ref.
16. This segmentation algorithm segments the pixels with minimum negative gradients along
the depth (anterior to the posterior) beneath the RPE in each A-line, where the gradient is de-
fined as the difference in depth of two adjacent pixels in a linear squared-intensity scale. The
segmented pixels represent the Bruch’s membrane. The region just beneath the Bruch’'s mem-
brane with a depth size of 370 um is selected and flatten as the region of interest. Considering
atypical maximum choroidal thickness around the macula, the selected volume covers all of
the choroid and some of the sclera in most cases. An en face local mean filter with a kernel
size of 20 x 20 pixels (58.6 um (horizontal) x 58.6 um (depth, in tissue)) is applied to the
volume to reduce speckle and to enhance the image quality in en face slices at each depth. Here
the local mean filter was utilized rather than widely utilized other sophisticated blurring filters,
such as a Gaussian blurring filter. Thisis because the local mean filtering is significantly faster
than other blurring filters especialy if one of an optimized implementation method, such as
an integral image method [39], is utilized. Figure 2 shows the despeckled slices extracted at
different depthsin the choroid. The vessel diameters are larger in more posterior slices.

In addition to Bruch’'s membrane, the anterior edge of the interface between the photore-
ceptor inner and outer segments (1S/OS) line is segmented by detecting the maximum positive
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gradient along the depth in the region anterior to Bruch’s membrane. By using the locations
of the anterior edge of 1S/OS and Bruch’s membrane, the hyper-reflective complex around the
RPE is extracted. These extracted layers will be used later to identify the shadow signal of the
retinal vessel as described in Section 3.4.

3.2. Adaptive thresholding based vessel segmentation
3.2.1. Adaptive thresholding method

In our method, the blood vessels are segmented by threshol ding with a robust automatic thresh-
old determination method [40]. This method is a simple and fast bi-level thresholding of gray-
scale images and uses customized threshold values for each subregion of the en face image.
The threshold p (Xo, Yo; Wx, Wy) is determined as

P (%0, Yo; Wi, Wy) = D' 1(x,¥)906, Y1)/ D, 906 Y1), (%, %) € W (X0, Yoi Wi, wy) (1)
X.Yi %iYi
where xg and x are horizontal pixel indexes and yp and y; are vertical pixel indexes.
W (Xo, Yo; Wx, Wy ) represents the area of the summations with asize of wy um x wy um and cen-
tered at (Xo,Yo0)- 1(Xi,Yi) represents the pixel intensity of the log-scaled OCT image at (X, V).
9(xi, i) isthe edge strength determined as a gradient of | (x;, i) as

g = (2 (2 ) @

where the partial derivatives are numerically obtained with a standard simple derivative ker-
nel consisting of unities and negative unities with a window size of wy/5 and wy/5 for each
direction.

Thelocal threshold is calculated at all pixelsin each RPE-flattened en face dice. If the pixel
intensity is below the threshold, the pixel is classified as a vessel, otherwise it is classified as
non-vessel. Finally, we obtain an output binary image in which apixel value of 1 isassigned to
vessel pixelsand 0 isfor non-vessel pixels.

3.2.2. Busynessfilter

Figure 3(b) shows an example of abinary image obtained by applying the adaptive threshold to
the en face OCT slice shown in Fig. 3(a) with awindow size of wy =wy, = 375 um (128 x 16
pixels), where the vessel pixels appear in black. Although several blood vessels are ssgmented
in thisimage, adaptive thresholding cannot properly distinguish the vessel from the background
if the local window includes only background. This results in a segmentation error, e.g., as
shown in the right middlie area of Figure 3(b), where some parts of the non-vessel region are
classified as vessel regions. In this particular case, the region without a vasculature pattern
is a scleral region. Here we denote these vessel pixels appearing in the non-vessel region as
pseudo-vessel pixels.

In general, at the subregion containing both vessels and the background, the vessel and back-
ground regions are quite distinct from each other in the segmented binary image. On the other
hand, if the subregion contains only a non-vessel region, the pixel values alternate frequently
in space so that the vessel pixels seem more randomly distributed. According to these charac-
teristic appearances of the true and pseudo-vessel pixels, it would be reasonable to use an edge
busyness [41], which measures the jittery appearance of edges, to discriminate the non-vessel
regions.

In this method, a pixel with a binary value different with at least one of its 8 neighboring
pixels are defined as an edge pixel. The busyness of a sub-region, which has the same size with
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Fig. 3. (8) OCT en face slice at a constant depth from the RPE. (b) Binary image obtained
by adaptive local thresholding with a fixed window size. The white and black pixels are
non-vessel and vessel pixels, respectively. (c) Busyness distribution obtained from (b). (d)
The classification result of pseudo-vessel pixels (red) based on the busyness distribution.

thewindow of the adaptive thresholding, isthen defined asthe ratio of the number of edge pixels
over thetotal number of pixelsin this sub-region. Figure 3(c) isthe busyness distribution of Fig.
3(b). It is obvious that the busyness value is high in the scleral region, i.e., the region without
evident vasculature pattern. Thus, the region with segmentation artifacts can be recognized by
applying athreshold to the busyness distribution. For example, thered pixelsin Fig. 3(d) arethe
vessel pixels at the region with a busyness greater than 0.2, and are regarded as pseudo-vessel
pixels.

In our particular implementation, the vessel-pixelsin the region with a busyness greater than
0.2 (for wy = wy = 375 um), 0.3 (for wy = wy = 188 um), and 0.4 (for wyx = wy, = 94 um) are
regarded as pseudo-vessel pixels and their values are replaced with 0 (non-vessel pixel).

3.2.3. Rejection of false vessel pixels

If the window sizeistoo large for the vessel diameter, the contrast variation among the vessels
disturbs the segmentation. We empirically found that an adaptive thresholding with a fixed
window size cannot properly segment vessels with diameters smaller than 1/5 of the window
size. In other words, segmented vessels with diameters smaller than 1/5 of the window size
would be artifacts.

A morphological processing-based procedureisthen applied to select reliable vessel pixelsin
the output of the adaptive threshol ding with aspecific window size of wy = wy, = w. At first, small
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particles which cannot resist two sequential morphological erosion operations with a 3-pixel x
3-pixel structuring element are removed (IMAQ RemoveParticle VI, LabVIEW 2011, National
Instruments, TX). The purpose of this operation is to fill the small holes in the large vessels
otherwise they can be regarded as two adjacent thin vessels in the following morphological
analysis. After this particle removal, a morphological opening operation is performed using a
circular structuring element with a diameter of 0.2w. Since the opening operation is erosion
followed by dilation, the vessels with a diameter smaller than 0.2w are eliminated, while other
vessels are preserved. After the opening operation, vessel particles with Heywood circularity
factors lower than 1.5 are removed, where the Heywood circularity factor is afactor defined as
the perimeter of the particle divided by the circumference of a circle with the same area as the
particle. This process rejects the vessel particles whose shapes are close to round and are not
likely vessels. Therefore, with these procedures, misclassified vessel pixels are removed, and
true vessel pixels are preserved. By assuming a cylinder with an exactly circular cross-section
as a model of blood vessel, the Heywood circularity factor becomes less than 1.5 when the
orientation of the blood vessels becomes steeper than approximately 71 degrees against the
OCT en face plain. Since choroidal vessels unlikely to have such a steep angle to the OCT
en face plain, this circular particle removal process can safely eliminate only the erroneously
segmented particles.

3.3.  Multi-scale choroidal vessel segmentation

The method described in Section 3.2.3 eliminates fal se vessels, which appear as vessels with a
diameter smaller than 1/5 of w. However, it does not necessarily mean that true small vessels
are properly segmented. A small window also does not provide proper segmentation for the fol-
lowing reason. The adaptive thresholding method uses the pixel intensity at the edge structure
in an image to determine the threshold as suggested by Eq. (1). If the number of true edge pix-
elsthat are at the boundary between a blood vessel and background are too few in the window,
the adaptive thresholding method cannot provide a proper threshold. Hence, a small window
cannot segment blood vessels with large diameters.

Segmentation of blood vessels with a wide range of diameters is necessary because the di-
ameter of a choroidal vessel can range from several micrometers to hundreds of micrometers.
This wide diameter-range segmentation is achieved by a multi-scal e approach.

In the multi-scale approach, an OCT volume is processed with four window sizes of w = 47
um, 94 um, 188 um, and 375 um, where wy = wy = w and each window size corresponds to
1/128, 1/64, 1/32, and 1/16 of the transversal imaging field of 6 mm. The four vessel-segmented
images are then combined by the following means.

In the combining process, all pixelsin the despeckled roughly segmented choroidal volume,
namely the output of the process described in Section 3.1, arefirst classified into two classes of
large vessel pixelsand middleto small vessel pixels. Because of light penetration in the choroid
and the light scattering property of blood, thick choroidal vessels which mainly distribute in
Haller's layer appear with lower OCT signal intensity than thin and middle sized vessels which
exist close to the RPE. According to thisintensity property, we classify pixels as bright pixels,
which mainly correspond to the thin and middle sized vessels, or as dark pixels, which mainly
correspond to the thick vessels. The classification is done by using an Otsu’s threshold [42] that
was defined by using all pixelsin the roughly segmented choroidal volume at once.
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Fig. 4. Choroidal vessel segmentation results corresponding to OCT en face slices in Fig.
2.

The combined vessel-segmented image (X, Yi, z) isthen defined as

for 1(x.yi,z) >k*
VC(Xi7yi7zi) = (3)
V(X,Yi,zW = 94) UV (X, Vi, z;W= 188) UV (x,Yi,Z;w = 375)
otherwise

where (x;,¥i,z) is the pixel position, |(x;,yi,z) is the logarithmic OCT intensity and k* is
Otsu's threshold. V (Xi, Vi, z; W) represents the segmented vessel image with a window size of
an adaptive threshold of w um in which the vessel pixels and non-vessel pixels are represented
by 1 and O, respectively. U represents alogical OR operation.

Figure 4 shows the vessel segmentation results corresponding to the OCT en face dlices
shownin Fig. 2.

3.4. Retinal vessel shadow rejection

The retinal vessels cast shadows in the choroidal OCT volume. This shadow signal appearsin
all of the en face dlices and is misclassified as a choroidal vessel. Since this misclassification
disturbs the quantification of choroidal vasculature (described in Section 4), the retinal vessels
should be segmented and removed from the choroidal vasculature.
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Fig. 5. () en face projection of the hyper-reflective complex obtained by averaging the
intensity values. The vessel structure in the en face projection is enhanced by the Frangi
filter (b), and further thresholding and morphological closing provides segmented retinal
vessels ().

The shadow of the retinal vessels is most clearly visualized in the hyper-reflective complex
including the RPE and IS/OS. A projection of the hyper-reflective complex is obtained, as
shown in Fig. 5(a), by averaging the intensity in the hyper-reflective complex which has been
segmented in Section 3.1. The image isfirst denoised by an iterative anisotropic diffusion filter
[43] defined as

1T 06, 1) = 17 (xi,%1) + Sdliv (C(Xi,)’i)V' ® (Xi,Yi)) 4

where 7 isthe index of the iteration, 1(¥)(x;,y;) is the image intensity in a dB-scale and § isa
diffusion coefficient. c(x;,y;) isaPerona-Malik’s diffusion function defined as

1
1+ (VI(%.Yi)/x)

c(xi,yi) = 5

where x is a constant defining the sensitivity to image edges. In our particular case 6 = 0.2 and
the x = 0.1 and the diffusion was performed 10 times. After applying the anisotropic diffusion
filter, aFrangi filter is applied to further enhance the vessel pattern, where the Frangi filter has
provided a likelihood of aregion of interest to contain a vessel pattern or other types of ridge
patterns by using the eigenval ues of a Hessian matrix [44—46]. The nonlinear parameters of the
Frangi filter are customized to discriminate the vessels from background by a threshold of 0.5.
Thus, the pixel with a Frangi filter output of greater than or equal to 0.5 is labeled as aretinal
vessel and value of 1 isassigned. The value of O is assigned for the other pixels. The nonlin-
ear parameters of the Frangi filter were adjusted empirically to provide a good segmentation
of retinal vessels with a threshold of 0.5. A morphological closing operation with a circular
structural element with a diameter of 60 um is then performed on the binary output to ensure a
connective vessel network.

Figures 5(b) and 5(c) show the output of the Frangi filter and the binary retina vessel seg-
mentation result, respectively. The choroidal pixels beneath these segmented retinal vessels are
labeled asinvalid and excluded from the quantification process described in Section 4. Note that
the segmented retinal vessel is dightly more dilated than the real vessel network. This feature
further warrants a sufficient removal of the retinal vessel shadow in the choroidal volume.
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4. Quantification of choroidal vasculature

4.1. Estimation of choroidal vessel diameter
4.1.1. Methods

In a strict sense, the vessel diameter is determined as the diameter of the blood vessel in a
cross-section which is perpendicular to the direction of the vessel. However, the orientation of
the choroidal vessel is highly randomly distributed and it is difficult to obtain the cross-section
perpendicular to the vessel direction.

In our method, the vessel diameter isdetermined asthetransversal vessel thicknessin the seg-
mented en face slices. Similar to what was mentioned in Section 3.2.3, morphological opening
was applied to reversed vessel segmented slices in order to eliminate the blood vessels which
possess a smaller diameter than the structuring element. Owing to this property, the blood ves-
sels can be classified into two classes by the morphological opening operation; vessels with
larger or smaller diameter than the structuring element. According to this property, we can es-
timate the vessel diameter by applying a series of opening operations with different diameters
of circular structuring elements. The diameter of the structuring element in the i-th opening op-
eration is set to be d; = ix di, where d; isthe structuring element diameter of the first opening
operation and the maximum value of d; should be larger than the maximum diameter of the
choroidal vessel.

To properly estimate the vessel diameters with different orientation, the structuring element
should have around shape. However, the structuring element is a pixelized binary object and a
too small structuring element cannot be approximated as round. To guarantee the round shape
of the structuring element with the smallest diameter, the pixel density of the en face dices are
increased by 2-D bi-linear interpolation into 2048 pixels x 2048 pixels prior to the opening
operation.

After the interpolation, a series of opening operations are applied, where the number of the
opening operation was 20, and d; = 15 um. Namely, the diameter of the structuring element
varies from 15 pm to 300 um.

Figure 6 shows the diameter estimation results corresponding to the OCT en face dlices
shown in Fig. 2 where the pixel brightness represents the vessel diameter. Figure 6(a)—(d) are
at depths of 25 um, 100 um, 175 um, and 250 um from the RPE, respectively. The overall
brightness of the image provides an intuitive measure of the different choroidal layers with
different vessel diameters.

4.1.2. A fast approach

In the method described in the previous section (Section 4.1.1), the resolution of the diam-
eter estimation is determined by the diameter increment of the structuring element. Namely,
small increments with large number of opening operations provides high diameter-resolution.
However, the opening operation is time consuming if the image sizes are large. In the method
described in Section 4.1.1, the pixel numbers of both the en face vessel images and the structur-
ing elements are large. Therefore, it often requires along processing time for vessel diameter
quantification. In addition, the processing time for the diameter estimation occupies more than
half the entire processing time in our implementation. And hence acceleration of this processis
of great interest.

A strategy to accelerate this process is to keep the structuring element small, such that the
minimum acceptable size to be regarded as a round shape, and reducing the size of the vessel
segmentation image to have a proper relative sizes of the structuring element and the vessel
segmentation image. In this fast method, the diameter of the structuring elements is fixed as
di = d¢ for iswith which the original structural element diameter i x d; is larger than d;, and
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300 um

Fig. 6. Choroidal vessel diameter estimations corresponding to Fig. 4. The sub-figures
(8)-(d) represent the en face slices at 25 um, 100 um, 175 um, and 250 um from the
RPE, respectively. The brightness represents the vessel diameter except the region without
choroidal vessels and the region of the shadow of retinal vessels are shown in black.

aternatively, the segmented en face vessel image is resized to N/i x N/i. After applying the
opening operation, the resulting image is resized into the original size.

Whenwesetdi =5xd; andi=1---20, the same as the the demonstration in Section 4.1.1,
this fast method performed 5-times faster than the standard method in our implementation.

Figure 7 showsthe difference of two diameter estimation imageswhere oneisby the standard
method and the other is by the fast method. In most of the regions, the difference is negligible
(less than 15 um). Although the difference becomes relatively large in some thick vessels,
it only appears at the edge of the vessels. Since the transversal width of the error isin the
same range as the transversal resolution of our OCT, which is around 30 um, the difference
is believed being caused by the limited system resolution, and is not significantly affect to the
quantification of the choroidal vasculature.

around 30 um, which iswith athickness originated from it is in the same range as the

The high estimation error at the edge of the large vessels around 30 to 60 um is aso ac-
counted by thismosaic effect. However, this difference would not be significant for the diameter
quantification because it is caused by a small difference in the delineated edge of the vascula-
ture between two methods, not by the error in the estimation of the vessel diameter. Since this
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Fig. 7. The absolute difference in the estimated choroidal vessel diameters between the
standard and fast methods. (a) - (d) respectively correspond to the dlices (@) - (d) of Fig. 4
and at 25 um, 100 um, 175 pm, and 250 um from the RPE.

result has demonstrated sufficient performance of this fast method, we used the fast method in
the following sections.

4.2. Vascular network thickness

In addition to the choroidal vessel diameter, the thickness of the layer of the choroidal vascular
network was also quantified.

Here the vascular thickness is the thickness between the RPE and the posterior envelope
of the whole choroidal vasculature, and the envelope is determined by applying an active de-
formable surface model to the RPE-flattened segmented choroidal vessel volume. We first ini-
tialize adeformable plane with 10 x 10 control points as an en face plane as shownin Fig. 8(a).
This plane is then dropped from the anterior choroidal region to the posterior direction where
the force applied to the each control point is defined as

(@ _ 5@ gp®
FY = oR"? +pP +G, ®6)

where 7 is the iteration count of the position update of the control points and j is the ID of
the control point. R}T) is the force accounting for the local rigidity of the deformable surface
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(a)
Fig. 8. An example of active deformable surface representing a vascular network envelope.

(a) initial 10 x 10 control points and (b) an example of deformed surface obtained by 2-D
bi-cubic interpolation of control points after deformation.

defined as

R(_T) _ <828(Xi,yi) 828(xi,yi)) 7

: Xt Iy

X=Uj, Yi=V;

where S(xi, i) isasmooth surface defined by the control points with bi-cubic interpolation and
(uj,Vvj) is the transversal position of j-th control points. It should be noted that the positive

depth direction represents the posterior direction. Pj(T) is the pushing force defined as the mean
vessel diameter in alocal region where the local region is atile centered at the control point
and in the same depth with the control point. The size of the local region is 6/9 mm x 6/9 mm,
i.e., the same size with a single transversal mesh of the control points. G is a negative constant
representing gravity which constantly push the control pointsinto the anterior direction. o and
B are predefined positive coefficients to balance these three forces.

The depth positions of the control points are updated for each iteration as

zﬁf) -1 for ij < —Fy
22”1) = zﬁf) for —Fg < FJ-(T) <Fp )
zﬁr) +1 for Fj(T) > Fy

where zgf) is the depth pixel index of the j-th control point at the t-th iteration and Fy is a
predefined positive threshold of force. Theiteration is continued until the depth positions of all
control points converge into stable values.

After the convergence, avascular envelopeis obtained by applying 2-D bi-cubic spline inter-
polation to the control points as shown in Fig. 8(b).

The predefined parameters for our particular implementation are o = 0.05, f = 2.0, G=-3.0,
and Fy =2.0.

5. Results

To validate the performance of the algorithms, the macular region of healthy subjects was im-
aged by HP-OCT with a probe wavelength of 1 um. The measurement protocol has been de-
scribed in Section 2.

An example of reconstructed 3-D choroidal vasculature is shown in Fig. 9 (Media 1). The
brightness of voxels represents the diameter of the vessel, where thicker vessels appear brighter
(a more whitish color). Haller's and Sattler’s layers can be distinguished from each other in
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Fig. 9. Coronal (a), sagittal (b), and birds-eye (c) views of a segmented choroidal vascu-
lature (Media 1). Note that the rendered volume in (b) is magnified x2 along the depth
direction. The color in these volume-rendered images represents the quantified vascular
thickness. (d) The thickness map of the choroidal vascular network layer.

Fig. 9(b) such as the thin vessels distributed just beneath the RPE, which represents Sattler’s
layer, while the thick vessels, i.e. the vessels of Haller's layer, are distributed in the deeper
region. Figure 9(d) shows the corresponding vascular network thickness map. Obviously, the
entire thickness of the choroidal vascular network layer is highly correlated to the distribution
of thick choroidal vessels shownin Fig. 9(a).

Figure 10 illustrates the vascular network thickness maps (left) and distributions of the mean
choroidal vessel diameter as a function of depth from the RPE in nine different sectorsin the
maculae (right) of two normal eyes of two subjects. Here the macula was sectorized into nine
sectors as a central subfield (C) with 1-mm diameter, nasal inner macula (NI), superior inner
macula (Sl), temporal inner macula (TI), inferior inner macula (I1), nasal outer macula (NO),
superior outer macula (NS), temporal outer macula (T1), and inferior outer macula (10), where
the inner and outer rings have 3 mm and 6 mm diameters, respectively. These sectors were
originally defined by the Early Treatment Diabetic Study (ETDRS) layout, and have also been
used for sectorized choroidal thickness analysis[47].

Obvious increases in vessel diameter along the depth were observed in al of the sections
in two eyes. This matches to our anatomical knowledge in the choroid. In case-1, the mean
vessel diameter curves show a high gradient at the depth region from 50 to 100 um. This
may be the interface of Sattler’s layer and Haller’s layer, and the thickness of 50 to 100 um
is consistent with the generally known thickness of Sattler’s layer. The thickness of the thick
vascular network, which would be Haller’slayer, is highly correlated with the vascular network
thickness (left images). For instance, it isthick in the SO and 10 sectorsin Case-1, and thick in
the SO and TO sectors and thin in the NO sector in Case-2. It is also noteworthy that the mean
choroidal vessel thicknessesin Haller's layer are not so different among the different sectorsin
the second case.
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Fig. 10. The choroidal vascular network layer thickness maps (left) and the mean choroidal
vessel diameter asafunction of the depth from RPE obtained from two eyes of two subjects.
C: central subfield, NI: nasal inner macula, Sl: superior inner macula, TI: temporal inner
macula, I1: inferior inner macula, NO: nasal outer macula, SO: superior outer macula, TO:
temporal outer macula, 10: inferior outer macula.

~RPE

- Sclera

Fig. 11. Comparison of ICGA (), en face projection of vessel diameter volume (b), and
depth-resolved en face projection of vessel diameter volume (c) of a6-mm x 6-mm macu-
lar region obtained from the same subject with the Case-1 of Fig. 10.
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ICGA provides a two-dimensional visualization of thick choroidal vessels as shown in Fig.
11(a). However, the edges of the thick vessel are unclear because of the blocking effect of an-
terior thin vessels and dye |eakage, and the thin choroidal vessels are hardly visualized because
of low contrast. An ICGA-style projection of choroidal vessel diameter volume, denoted as a
vessel diameter projection, was created by averaging the diameter value in each A-line. Fig-
ure 11(b) shows the vessel diameter projection, in which the pixel brightness isin proportion
to the square-root of the depth-averaged diameter value. Since the square-root of the averaged
diameter is roughly in proportion to the vessel thickens, it would also be roughly proportional
to the amount of dye molecules at each transversal position of the ICGA. And hence the vessel
diameter projection would provide a similar image to ICGA. Although similar thick choroidal
vessel patterns appeared in the projection and ICGA, the contrast in the projection of the vessel
diameter volume clearly possesses better contrast. In the vessel diameter projection, not only
are the thick vessels clearly visualized but also thin vessels are seen.

Furthermore, by using the depth-resolved property of OCT, the depth-position can be inte-
grated into the vessel diameter projection as shown in Fig. 11(c). Here the brightness of the
pixel represents the vessel thickness the same as Fig. 11(b), while the hue value denotes the
diameter-weighted depth position of the vessel defined as
M d(x v 7)7
Za(%. Y1) =, W

z=1

Az 9

where Z isthe diameter-weighted depth position, z isthe pixel index along the depth, M isthe
number of pixelsalong the depth, d;(z) isthe quantified diameter at the depth of z, and Azisthe
pixel separation in micrometers along the depth. The color alteration corresponds to the mean
vessel depth weighted by the vessel diameter where red to blue corresponds to from the RPE to
the sclera. This en face provides intuitive and simultaneous visualization of the thickness and
depth-position of the choroidal vessels.

To qualitatively verify the usefulness of the method, 8 eyes of 4 healthy subjects were exam-
ined. The vascular network thickness maps of the 8 eyes are shown in Fig. 12, where each row
represents the pair of eyes of a single subject. The vascular network was thinner at the nasal
area than the temporal area in all cases. The patterns of the vascular network thickness were
found to be symmetric between the right and left eyes except for Subject-3 who had localized
thinning at the superio-temporal region in hisright eye.

Figure 13(a) shows a B-scan corresponding to the dashed line in the vascular network thick-
ness map of Subject-3 in Fig. 12. The region of the localized thinning is indicated by the red
circle, and no vessels appear at this region. The same position of the same eye was also ex-
amined by polarization sensitive OCT (PS-OCT) [48]. In the phase retardation image taken
by PS-OCT (Fig. 13(b)), increased phase retardation along the depth is observed at the deep
region. Since the scleraishighly birefringent [49,50] while the choroid is only moderately bire-
fringent, the chorio-scleral interfaceis delineated asindicated by the white line. This delineated
chorio-scleral interface suggests that the non-vascular region (red arrow in Fig. 12(b)) would
not be a part of the sclera but a part of the choroid. This non-vascular choroidal region would
partially account for the asymmetric pattern of the vascular network thickness map.

Figure 14 shows depth-resolved vascular diameter maps of the 8 eyes of the 4 subjects. It is
clear that the vascular network thickness patterns are highly correlated with the thick choroidal
vessel distribution.

6. Discussion

ICGA is commonly used to examine choroid vasculature in the clinic. Although ICGA is safe
for most subjects, it isuncomfortable and some adverse reactions limit its application. Although
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Fig. 12. Vascular network thickness maps obtained in 8 eyes of 4 healthy subjects. Each
row represents each subject. The dashed linein the left image of the third row indicates the
position of the B-scan shown in Fig. 13.

Fig. 13. (a) A B-scan image of the right eye of Subject-3 corresponding to the dashed line
in Fig. 12. (b) A phase retardation image of the same subject taken at the same position of
the eye by using polarization sensitive OCT.
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Fig. 14. Depth-resolved vascular diameter maps corresponding to Fig. 12. Note that the
color maps are normalized for each of the subjects.

ICGA ismostly used for visualization of abnormalitiesin the choroid, it isnot suitable for quan-
titative analysis because of its two-dimensionality and low vessel contrast. Several Doppler
OCT-based angiographic methods have visualized 3-D vessel networks in the choroid [19, 51].
However, these methods do not visuaize the vessels in Haller's layer because of low signal
intensity in the vessels and its resulting failure of Doppler measurement. The proposed algo-
rithm in this paper using the scattering OCT obtained by HP-OCT, and hence provides 3-D
volumetric visualization of the choroidal vessels as well as all quantitative values of the vessel
diameter and the vascular network thickness. Although this method does not provide functional
information such as leakage, it would complement other methodologies including FA, ICGA
and Doppler OCT.

As discussed in Section 3.3, the choroidal vessel can be properly segmented only if the ves-
sel diameter is around half the window size of the adaptive thresholding. Since the minimum
window size in multi-scal e adaptive thresholding is 47 um, the diameter of the most thin vessel
that can be properly segmented is around 24 um. The diameter of the vessel thinner than this
minimum diameter would be over-estimated. As a result, the segmentation of the choriocapil-
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larisis not reliable. Further reductions of the window size cannot improve the accuracy of the
segmentation because of the limited transversal resolution of the OCT system. Adaptive optics
OCT measurement may supplement the choroidal vasculature analysis.

The precision of vessel diameter quantification isdetermined by theincrement of the structur-
ing element of the opening operation operations. A small increment resultsin a high precision
in vessel diameter estimation, whileit resultsin longer processing time. The trade-off between
calculation time and the precision should be balanced to meet the purposes of applications.

The current implementation of the vessel segmentation and quantification was in LabVIEW
(LabVIEW 2011 for 64-bit, National Instruments, TX) on a Windows 7 computer with Intel
CORE i7 CPU Q720 at 1.6GHz with 8-G RAM. The processing time for vessel segmentation
was around 4 sfor asingle slice of the en face image with 256 x 2048 pixels. Another 20 swas
required to quantify the vessel diameter by the standard method using 20 opening operations
withinitial diameter of 5 pixels and the diameter increment of 5 pixels where the en faceimage
was resized to 2048 x 2048 pixels. This quantification time was reduced to 5 s by using the
fast method. In total, the calculation time was 9 s/dlice and hence around 20 min/vol where a
choroidal volume consists of 100 slices. Although the calculation time is relatively long with
the current implementation, the processing time can be accelerated using parallel processing.
For exampl e, the adaptive threshol ding and morphol ogical opening operation can be accelerated
by using a GPU or, aternatively, multi-core CPU processing can parallelize the operations for
each en face dice. These parallel processing approaches would reduce the computational time
into reasonable ranges for practical clinical use.

7. Conclusion

We developed an automated method to segment and quantify the choroidal vessels in volu-
metric scattering tomography obtained by HP-OCT. The three-dimensional choroidal vessel
network was segmented based on scattering intensity. The subsequent automated quantification
of the vasculature provided both the diameter of each choroidal vessel and the choroidal vas-
cular thickness. Enhanced visualization and characterization of the choroidal vasculature were
achieved with normal eyes and demonstrated characteristic patterns of choroidal vasculature.
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