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PURPOSE—To demonstrate the proper use of the Phansalkar local thresholding method
(Phansalkar method) in choriocapillaris (CC) quantification with optical coherence tomography
angiography (OCTA).

DESIGN—Retrospective, observational case series.

METHODS—Swept source OCTA imaging was performed using 3x3 mm and 6x6 mm scanning
patterns. The CC slab was extracted after semiautomatic segmentation of the retinal pigment
epithelium/Bruch membrane complex. Retinal projection artifacts were removed before further
analysis, and CC OCTA images from drusen eyes were compensated using a previously published
strategy. CC flow deficits (FDs) were segmented with 2 previously published algorithms: the fuzzy
C-means approach (FCM method) and the Phansalkar method. With the Phansalkar method,
different parameters were tested and a local window radius of 1 to15 pixels was used. FD density,
mean FD size, and FD number were calculated for comparison.

RESULTS—Six normal eyes from 6 subjects and 6 eyes with drusen secondary to age-related
macular degeneration from 6 subjects were analyzed. With both 3x3 mm and 6x6 mm scans from
all eyes, the FD metrics were highly dependent on the selection of the local window radius when
using the Phansalkar method. Larger window radii resulted in higher FD density values. FD
number increased with the increase in the window radius but then decreased, with an inflection
point at about 1 to 2 intercapillary distances. Mean FD size decreased then increased with
increasing window radii.

CONCLUSIONS—Multiple parameters, especially the local window radius, should be optimized
before using the Phansalkar method for the quantification of CC FDs with OCTA imaging. It is
recommended that the proper use of the Phansalkar method should include the selection of the
window radius that is related to the expected intercapillary distance in normal eyes.

CHORIOCAPILLARIS (CC) IS A CAPILLARY LAYER located along the inner choroid
adjacent to the Bruch membrane (BM). It plays an essential role in providing the vascular
support for retinal pigment epithelium (RPE) and outer retina.12 Previous studies have
reported correlations between abnormalities in the CC with multiple ocular diseases, such as
age-related macular degeneration (AMD), diabetic retinopathy, uveitis, and glaucoma.3~7
Consequently, visualizing and quantifying changes in the CC in normal and diseased eyes
have become an area of interest for many researchers. Optical coherence tomography
angiography (OCTA)8 has become the preferred clinical imaging method for performing
such tasks.9-21 OCTA is a noninvasive, safe, and easily performed imaging technology that
uses repeated B-scans to contrast blood motion within static tissue. With common
commercial configurations, OCTA generally provides depth-resolved imaging with
resolutions of approximately 15 um to 20 um laterally and 5 pm to 6 um axially. With the
increasing use of OCTA by clinical investigators, it has become apparent that there is some
confusion about the appropriate use of thresholding algorithms for quantifying CC.

First, the lateral resolution of OCTA is approximately the same as the macular intercapillary
distance (ICD) within the human CC.22 This limitation makes it difficult for OCTA to fully
resolve the detailed CC vasculature network, and it is often the case that neighboring
capillaries cannot be resolved from one another.23 To circumvent this difficulty, many
researchers have chosen to quantify flow deficits (FDs) rather than the actual CC vasculature
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with OCTA. Second, the CC lies beneath the RPE, a highly light scattering layer. Moreover,
abnormalities of the RPE/BM complex, such as drusen and other RPE detachments, would
result in signal attenuation and uneven illumination of the CC, which can produce artefactual
shadows that could be erroneously misinterpreted as FDs. This uneven illumination can also
lead to complications in the RPE/BM complex boundary segmentation when generating the
CC layer.

In general, the segmentation of CC FDs is a process that requires binarization in which all
pixels on the OCTA CC image are separated into 2 groups: one that represents the
vasculature and another that represents FDs. A common approach is to use a global
threshold technique where all the pixels with values higher than the threshold are identified
as the vasculature group, otherwise the FD group. However, this approach might be
problematic in the presence of RPE/BM abnormalities, where darker CC patches caused by
uneven illumination could lead to false positive identification of FDs. To mitigate this
difficulty, a signal compensation strategy3 was proposed, where the intensity of OCT CC
structural slab image was used as a surrogate for any uneven illumination, and its reversed
image was used to compensate the OCTA CC flow slab. This way, the OCTA signal intensity
would be elevated in regions with low OCT signal intensity caused by the abnormal
RPE/BM but the OCTA signal intensity would be kept the same in regions with a normal
OCT signal intensity.

Another common strategy when binarizing an image with uneven illumination is known as
local thresholding. Local thresholding uses a small window rather than the whole image to
determine the threshold for binarization. Therefore, if the window is sufficiently small, then
one could consider that the illumination is uniform within this small window. Theoretically,
a smaller window size would lead to better results, as long as the window covers both the
background and the objects of interest.24 A larger window could lead to poorer segmentation
because it is more adversely affected by the uneven illumination. In addition, a larger
window would take up more computational resources.2®

In the published literature, local thresholding techniques have been the popular choices for
quantifying CC FDs, with the most popular technique being the Phansalkar local
thresholding method (Phansalkar method) in ImageJ software (National Institutes of Health,
Bethesda, MD, USA).17-20.26-29 phansalkar first introduced this local thresholding
technique3C to segment cell nuclei in cytologic and histologic images, where the intensity of
foreground and background could vary significantly because of uneven staining.
Historically, this local method was modified from the Sauvola local thresholding method,3!
and Phansalkar’s modifications specified some parameters that were more suitable for
threshold calculation in low contrast images like cytologic images. In ImageJ, there are 3
parameters that can be changed to optimize the binarization results when using the
Phansalkar method. However, when Spaide and associates?? first adopted the Phansalkar
method for CC quantification, they used the default parameters and a window radius of 15
pixels on images of 304 x 304 pixels derived from 3x3 mm OCTA images. Later studies
have all followed such conventions by using the default parameters that included a radius of
15 pixels even though the specific images size in both millimeters and pixels were different.
18,19.27-29 | |ocal thresholding, different choices of local window size could lead to
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different binarization results and the inconsistency of window radius choice (in microns) in
the Phansalkar method could significantly compromise the ability to compare published CC
studies.

In this study, we used clinically acquired OCTA data to explain the complications and
consequences of using the Phansalkar method to image CC FDs. We also recommend a
strategy for appropriately choosing between different window radii and other parameters
when using the Phansalkar method and provide a rationale for when local thresholding is
necessary for quantifying CC FDs.

THIS RETROSPECTIVE, OBSERVATIONAL STUDY WAS performed at the University of
Miami and the University of Washington. This study was approved by the Institutional
Review Board of the University of Miami Miller School of Medicine and the Institutional
Review Board of Medical Sciences Subcommittee at the University of Washington, Seattle.
The tenets of the Declaration of Helsinki and the Health Insurance Portability and
Accountability Act of 1996 regulations were followed. Informed consent was obtained from
all subjects before participation in an ongoing prospective OCT study at the Bascom Palmer
Eye Institute. Two groups of subjects were enrolled: subjects with normal eyes and
unremarkable ocular history, no visual complains, and no identified optic disc, retinal, or
choroidal pathologies; subjects with intermediate AMD had typical drusen with no evidence
of nascent geographic atrophy. They were enrolled from January 2017 to February 2018.

IMAGING ACQUISITION

In all subjects, both eyes under-went swept source OCTA (SS-OCTA) scanning (PLEX Elite
9000; Carl Zeiss Meditec, Dublin, CA, USA) using an instrument with a 100 kHz light
source that has a 1060 nm central wavelength and a 100 nm bandwidth. This system
provides an axial resolution of ~5.5 um and a lateral resolution of ~20 pm estimated at the
retinal surface.32 Both 3x3 mm and 6x6 mm scanning patterns were performed on both eyes
of each subject. The right eyes were selected for further analysis unless low signal strength
(<7) or severe motion artifacts were present. The 3x3 mm scans have 300 A-lines per B-scan
and 300 B-scans in each volume, yielding a digital resolution of 10 um/pixel. The 6x6 mm
scans have 500 A-lines per B-scan and 500 B-scans in each volume, yielding a digital
resolution of 12 mm/pixel. When outputting OCTA images, both the 3x3 mm and 6x6 mm
OCTA images were resized into images comprised of 1024 x 1024 pixels, which were the
same as the default system settings on PLEX Elite 9000, and this resized image yielded a
pixel size of 2.9 um/pixel for the 3x3 mm images and a 5.8 um/pixel for the 6x6 mm
images.

IMAGE PROCESSING

After acquiring volumetric SS-OCTA data, a semiautomated algorithm33 was used to obtain
accurate segmentation of the RPE/BM complex layer. The CC slab was defined as a 15 um
thick slab that started 16 pm below the RPE/BM complex.34 En face images were produced
using a maximum projection method and both 3x3 mm and 6x6 mm images were resized
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into 1024 x 1024 pixels to be consistent with machine output images (Figure 1, A). Retinal
projection artifacts were subsequently removed3® and the corresponding regions were
excluded in further analyses.

Two methods were used for CC FDs segmentation: a complex thresholding strategy36 using
a fuzzy C-means algorithm (the FCM method) and the Phansalkar method provided in
ImageJ, with window radii ranging from 1 to 15 pixels. For the Phansalkar method in
ImageJ, a unique threshold for each individual pixel was calculated using the following
equation30:37:

Threshold(x, y) = M x (1 +pred* M | s (SD 1))

r

For each individual pixel (x,y), a circle with a radius of R is drawn centered at (x,y). M is the
mean of all the pixels within the circle, and SD is the standard deviation of all the pixels
within the window. In ImageJ, the local window is implemented as a circle centered at each
pixel, meaning that the actual window diameter is:

D=2xR+1

In addition to the radius R, 4 other parameters: p, g, k, and r can be varied to optimize the
calculation of the threshold. In ImageJ, p and g are fixed to be 2 and 10, respectively, and
cannot be changed. The variable k corresponds to parameter 1 in ImageJ, while the variable r
corresponds to parameter 2. They have default values of 0.25 and 0.5, respectively, in
ImageJ, but they can be adjusted by the user. The term r is a normalization term for SD,
which may be interpreted as the dynamic range of the SD.

In ImageJ, before calculating thresholds using the Phansalkar method, the grayscale images
are automatically normalized to an intensity range of 0 to 1. The Phansalkar method finds a
threshold value at each pixel, as shown in Figure 1, B, which is an example using a window
radius of 115 pixels. For each pixel, if its value from the OCTA CC image (Figure 1, A) is
higher than its threshold value on the threshold image (Figure 1, B), the pixel would appear
as white on the binarized image (Figure 1, C) and categorized as the CC vasculature group
(Figure 1, D), otherwise the CC FD group (Figure 1, E). The histogram for the whole image,
as well as those for the CC vasculature group and the CC FD group, are shown in Figure 1,
F. It should be noted that, in addition to these 2 groups, the whole image includes pixels
corresponding to projection artifacts.

Drusen areas were manually drawn on the OCT enface RPE to RPE fit slab, using the
corresponding B-scans to confirm RPE elevation. Drusen with greatest linear diameter
smaller than 125 microns were excluded (Figure 2, A, red lines). All OCTA CC images were
further compensated using the previously published signal attenuation compensation
strategy.1 Briefly, the structural image from the OCT CC slab (Figure 2, A) was inverted
(Figure 2, B) and used for signal attenuation compensation for OCTA CC slab (Figures 2, C
and D). Both compensated drusen CC images (Figure 2, D) and uncompensated drusen CC
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images (Figure 2, C) were used for further quantification using the FCM method (Figure 2,
E and F) and the Phansalkar method (Figure 2, G and H).

After binarization, the following quantitative CC measurements were calculated: FD density
(FDD), FD number (FDN), and mean FD size the ratio of no flow area to the total image
area, a unit-less value ranging from 0 to 1. FDD and CC vessel density would add up to 1.
FDN was defined as the total number of individually detected CC FDs. MFDS was the
average size of individual FDs, defined as the total CC FDs area divided by FDN, with a unit
of um?2. Boxplots were used to display the CC metrics for all subjects (normal eyes,
compensated drusen eyes, and uncompensated drusen eyes).

IN TOTAL, 6 SUBJECTS WITH A NORMAL OCULAR HISTORY, no visual complains,
and no identified optic disc, retinal, or choroidal pathologies on examination and 6 subjects
with drusen caused by intermediate AMD were enrolled in this study. Both 3x3 mm and 6x6
mm scans were performed. As described in the Methods section, when using the Phansalkar
method, a threshold image (Figure 1, B) can be calculated to visualize the specific threshold
for each pixel. Figure 3 shows examples of how the appearance of such threshold image
changes as the pixel radius increases using a normal 6x6 mm scan. Panel A shows the en
face CC OCTA image and panels B through P show the threshold images obtained by the
Phansalkar method using window radii from 1 to 15 pixels. A trend of increasing blurriness
can be visually observed with increasing window radii. Correspondingly, Figure 4 shows the
binarized CC image obtained using the FCM method (Figure 4, A) and the Phansalkar
method with window radii ranging from 1 to 15 pixels (Figure 4, B through P). The
increased blurriness of the threshold images (Figure 3) with larger window radii correspond
to more homogenous appearance of the CC FDs on the binarized image (Figure 4). Figure 5
demonstrates the histogram analyses for each pixel group (Figure 1, F) using different
binarization methods. Here panel A represents the FCM method and panels B through P
represent the Phansalkar method with window radii ranging from 1 to 15 pixels. The FCM is
a global thresholding technique, and as a result, the vasculature group pixels and the FD
group pixels are cleanly separated by the global threshold value (Figure 5, A). On the other
hand, the Phansalkar method is a local thresholding technique, and as a result, the
vasculature group pixels and the FD group pixels overlap. The overlap region appears purple
on Figure 5, B through P. It should be noted that the overlap region increases as the window
radii increase. Figures 6 through 8 show additional examples of the same threshold images
(Figure 6), binarized images (Figure 7), and histogram analyses (Figure 8) for a 6x6 mm
scan of an eye with drusen.

In total, 18 6x6 mm CC images (6 normal images, 6 compensated drusen images, and 6
uncompensated drusen images) and 18 3x3 mm CC images (6 normal images, 6
compensated drusen images, and 6 uncompensated drusen images) were quantitatively
analyzed for FDD, FDN, and MFDS. Results from all cases are shown in Figure 9 (6x6 mm
images) and Figure 10 (3x3 mm images). In Figure 9, panels A, B, and C are the boxplots of
FDD, MFDS, and FDN of all normal subjects, respectively. Panels D, E, and F are the
boxplots of FDD, MFDS, and FDN of all drusen subjects with compensation. Panels G, H,
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and | are the boxplots of FDD, MFDS, and FDN of all drusen subjects without
compensation. In each panel, each boxplot represents a specific binarization method. From
left to right, the methods are the Phansalkar method using from 1 to 15 pixel window radii
and the last one is the FCM method. Figure 10 is organized the same way as Figure 9 but
represents all 3x3 mm CC images. From both the 3x3 mm and 6x6 mm images, as the
window radii increase, the Phansalkar method yields increasing FDD, decreasing then
increasing MFDS, and increasing then decreasing FDN.

As described in the methods section, the specific implementation of the local window in the
Phansalkar method with ImageJ uses a circle centered at each pixel. With the default image
size setting from PlexElite (1024 x 1024 pixels for both the 3x3 mm and 6x6 mm images),
the relationship of a window radius in pixels to window diameter in microns are shown in
Table 1. Figure 11 shows a specific example of how large such windows (1-4 and 15 pixels)
appear on a 6x6 mm OCTA CC image, and Figure 12 shows an example of how large such
windows (4-8 and 15 pixels) appear on a 3x3 mm OCTA CC image. In both figures, the first
row shows OCTA CC images with a red circle indicating how large the actual window is.
The second row shows corresponding binarized CC images. The third row shows the overlay
of detected CC FDs (red boundaries) with the SS-OCTA images. It can be visually
appreciated from both figures that increasing FDs are detected with the increasing window
radii. At a window radius of 15 pixels, neighboring FDs are connected into larger ones,
which explains why the Phansalkar method results in increasing MFDS and decreasing FDN
as the window radii increase.

DISCUSSION

THE MAIN QUESTION THIS STUDY ADDRESSES IS HOW THE Phansalkar method
can be properly used for the segmentation and quantitation of CC FDs. As pointed out in the
introduction, many researchers have selected the Phansalkar method to conduct CC
binarization. We need to be aware that the Phansalkar method was originally introduced to
segment nuclei in cytologic and histologic images, where local thresholding is preferred
because of the common presence of uneven staining. This method is an improvement of
Sauvola local thresholding3! for cytologic images because Phansalkar added an additional
term (mean™> p* e~1*mean) tq cope with the low contrast of cytologic images. In the
Phansalkar method, there are 5 parameters that can be varied: p, g, k, r, and the local window
radius R. The parameters p and q are set with default values of 2 and 10 in ImageJ, which
cannot be changed by users. Parameters k and r are set as default values of 0.25 and 0.5, but
users can change them. These values were recommended by Phansalkar for cytologic
images.3” The default local window radius R is 15 pixels, which can be changed by users.
Theoretically speaking, the purpose of using a local window for thresholding is to mitigate
the effects of uneven illumination; therefore, the smaller the window size, the better the
binarization results, as long as the window is big enough to cover both the background and
foreground.2425 In the case of using the Phansalkar method for CC segmentation, the
majority of users have selected the default radius of 15 pixels in their studies, regardless of
their actual OCTA image size in pixels and millimeters.
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In this study, we show that when the Phansalkar method is used, different FD segmentations
and CC metrics are obtained when using different local window radii while keeping the
settings fixed for the parameters of p, g, k, and r. As the radius R increases, the window used
for threshold calculation becomes larger, leading to more pixels being included for threshold
calculation. As a result, the differences in threshold of neighboring pixels becomes smaller.
Visually, the increase of the window radius R makes the threshold images appear blurrier
(Figures 3 and 6). Correspondingly, the binarization images (Figures 4 and 7) showed a
more homogenous appearance of CC FDs. The histogram analyses also demonstrated that
with a larger window radius, the pixel values in the CC vasculature group and CC FDs group
have larger overlap (Figures 5 and 8).

Furthermore, FDD, MFDS, and FDN (Figures 9 and 10) also changed with different radius
R choices. As the radius R increases, more FDs are detected. As the radius R increases even
further, nearby FDs start to connect with each other. As the nearby FDs start to connect with
each other, the FDs start to become artificially larger. These artificially larger FDs represent
false positive FDs because of the increasing radius used when the Phansalkar thresholding
method is applied (Supplemental Video 1 [a normal eye] and Supplemental Video 2 [a
drusen eye] available at AJO.com). This explains why the FDN value in both 3x3 mm and
6x6 mm scans initially increase and then decrease, and why the MFDS decreases and then
increases. On the other hand, FDD showed a steady increase in both 3x3 mm and 6x6 mm
scans. In Supplemental Videos 1 and 2, window radii of 1 to 50 pixels were tested, and
Supplemental Figures 1 and 2 (available online at AJO.com) show the increase and then
plateau for the FDD.

The results presented here suggest that with the digitized image of 1024 x 1024 pixels, a
window radius choice of 15 pixels is not an appropriate choice for the segmentation of CC
FDs, regardless of the physical image size. As discussed earlier, the choice of a window
radius needs to be carefully considered in terms of physical size. The actual window used in
ImageJ is a circle with chosen radius centered at each pixel. Therefore, the actual diameter
of the circle is 2 times the radius plus 1 pixel. Table 1 shows the window diameter in
microns and the corresponding radius in pixels. Theoretically speaking, the optimal window
size should cover both foreground and background, which would be a vessel and a FD for
the CC network.2425 The ICD is defined as the average distance from the center of one
capillary to another, which covers a whole vessel width and a whole FD width. Therefore,
when segmenting the CC FDs with local thresholding, a window diameter similar to the
physiological ICD would be able to cover both foreground and background. An appropriate
window diameter should be larger than the ICD, so it covers both vasculature and FDs, but
not too large to be adversely affected by illumination. Previously, our group has used the
power spectrum analysis to calculate the averaged ICD in averaged CC images and reported
a value of 23.17 um (95% confidence interval 21.05-25.28 um) under the fovea for 3x3 mm
PlexElite SS-OCTA images.10 Therefore, we believe that a window diameter of 1 to 2 times
ICD should be the optimal choice of the window size when using the Phansalkar method. It
should be noted that there have been other reports on specific values for the ICD. Using
adaptive optics OCTA, Kurokawa and associates3* have reported an ICD value from 1 single
healthy subject around ~39 um. Marsh-Armstrong and associates3® have also reported CC
quantitative metrics using a 1.6 MHz SS-OCTA system. They did not directly report ICD,
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but reported the averaged FD radius of 9.8 mm and an averaged vessel radius of 5.0 pm,
which would infer an averaged ICD at ~29.6 um for 5 healthy subjects. Zhou and
associates1® used a high-resolution 200 KHz SS-OCTA system and reported an averaged
ICD of 24.4 um from 4 healthy subjects, consistent with the PlexElite SS-OCTA data. All 3
groups used different OCTA systems, used different scanning patterns, imaged different
subjects, and reported slightly different but comparable ICD values. In this study, we
selected the ICD value we reported before as a reference because the data used in this study
were acquired using the same SS-OCTA system. Therefore, a diameter of 1 to 2 times ICD
converted to a radius in pixels should be approximately 2 to 4 pixels for 6x6 mm scans and 4
to 8 pixels for 3x3 mm scans, assuming images of 1024 x 1024 pixels. Of note, if a window
is set too small, then there would be not enough pixels included in the threshold evaluation.
As a result, some FDs could be left unsegmented (Figure 11, A, F, and K). On the other
hand, if a window is too large, it could lead to oversegmentation of FDs, resulting in
individual FDs merging into larger ones and yielding erroneous results (Figure 11, E, J, and
O, and Figure 12, F, L, and R). However, the best qualitative strategy to demonstrate that the
radius range is reasonable is to simply compare the CC flow image obtained from the
instrument with the binarized image after applying the FCM method or the Phansalkar
method. It is always reassuring to observe that the qualitative appearance of flow and FDs on
the CC images before thresholding looks similar to the image after thresholding. That has
been our experience when using a Phansalkar window radius of 2 to 4 pixels for 6x6 mm
scans and 4 to 8 pixels for 3x3 mm scans, assuming an image measuring 1024 x 1024
pixels. On the other hand, using a Phansalkar window radius of 15 pixels, the qualitative
appearance of the flow and FDs on the CC images before thresholding tend to appear
somewhat different from the images after thresholding.

It should also be noted that there are 2 other parameters that can be changed and optimized
for CC FDs segmentation in the Phansalkar method. These are k and r, which appear as
Parameter 1 and Parameter 2 in ImageJ, respectively. Parameter 2 is a normalization term
and should be the dynamic range of standard deviation, which is 0.5 for normalized images.
Of note, in ImageJ, all images are automatically normalized to 0 to 1 in the implementation
of the Phansalkar method. Since the distribution of values in OCTA CC images is close to
Gaussian, it is probably not meaningful to vary this parameter. Parameter 1, k, decides how
much of a role the standard deviation plays in the determination of threshold. This parameter
could be changed to optimize CC FD segmentation (Supplemental Figure 3, available online
at AJO.com) and we encourage other researchers to explore what parameters works best for
their specific datasets. Parameters p and ¢ cannot be varied in ImageJ.

Another question we asked in this study is whether local thresholding is necessary for CC
FD segmentation. In the case of OCTA CC imaging, we found that it depends on whether
the “uneven illumination” in the image was actually caused by uneven illumination, such as
the patches of lower CC OCTA signal being caused by RPE/BM complex abnormalities
leading to signal attenuation, or by actual loss of CC flow. Based on our experiences, the
answer is mostly “both.” For example, Figure 2 represents a subject with drusen and
Supplemental Figure 4 uses a Gaussian filter to reveal the “local illumination” of such
OCTA CC images. Lower local signal intensity revealed by Gaussian blurring within the
drusen boundary (Supplemental Figure 4, G, available online at AJO.com) could be
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explained by an abnormal RPE/BM complex, especially when the signal increases after the
compensation strategy (Supplemental Figure 4, F). However, patches of lower CC OCTA
signal outside of drusen boundary are caused by pathological CC loss. Local thresholding
methods would treat these regions inside and outside drusen boundary the same. It is our
strong recommendation that a signal attenuation compensation strategy should be always
used in such situations, regardless of whether it is combined with either local or global
thresholding techniques.

This study is not without limitations. First, there is no ground truth for the CC segmentation.
It is unfortunately difficult to make precise judgments on how well a segmentation algorithm
performs without access to independent and true measurements of CC vasculature and FDs.
As discussed before, such ground truth beyond the reach of commercially available OCT
systems because of limited lateral resolution. Future studies using higher speed and higher
lateral resolution SS-OCTA systems!6:38 are certainly warranted. Second, we have a limited
sample size. We have only tested CC OCTA images from 6 normal eyes and 6 drusen eyes,
and there are many other diseases of interest that we did not test because of the limited scope
of this paper. Finally, we did not discuss the possibility of using an adaptive window for the
Phansalkar method because it is beyond the scope of this study. Again, future studies are
certainly warranted to explore such possibilities.

In summary, we have used clinically acquired OCTA CC data to demonstrate the risks
associated with using the Phansalkar method to perform CC FD segmentation. We suggest
other researchers make thorough deliberations before selecting a strategy for CC FD
segmentation. If the Phansalkar method is selected to conduct CC FD segmentation, we
suggest careful considerations when optimizing its parameters, especially the local window
radius, before conducting any further analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Example of the Phansalkar local thresholding method (Phansalkar method) applied to a 6x6

mm scan and the corresponding pixel value histogram analysis after binarization. (A) 6x6
mm choriocapillaris (CC) swept source optical coherence tomography angiography (SS-
OCTA) image from a normal subject. (B) Calculated threshold image using the Phansalkar
method with a radius of 15 pixels. (C) Binarized CC image with white pixels representing
the vasculature and black pixels representing the flow deficits (FDs). This image was derived
by examining all pixels in part A and determining if their intensities are above or below the
threshold image in part B. If the intensity in part A is above the threshold image in part B,
then that pixel would represent flow and is represented as white, and if the intensity in part
A is below the threshold image in part B, then that pixel would represent a flow deficit and
is represented as black. (D) All pixels from part A that are white in part C are shown with
their original image intensities from panel A and projection artifacts are represented as
black. (E) All pixels from A that are black in part C are shown with their original image
intensities from part A and the projection artifacts are represented as black. These pixels
representing FDs are not totally black in part A and have a gray appearance with variable
intensities. (F) Histograms of all pixels from part A, the vasculature pixels (CC) from part D,
and the FD pixels from part E. In part F, the histograms representing all pixels are in black,
the histogram representing vasculature pixels is in red, and the histogram representing FD
pixels is in blue. The x-axis represents the intensities of the pixels (range from 0 to 255) and
the y-axis represents the number of pixels with the given intensity. The projection artifacts
are not included when quantifying the vascular and FD pixels, and that is why some of the
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histograms for all pixels exceeds the combined number of pixels when summing the CC and
FD numbers along the y-axis.
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FIGURE 2.
Example of applying the compensation strategy when using a 6 x 6 mm image from an eye

with drusen. (A) En face swept source optical coherence tomography (SS-OCT) structural
image from the same slab used to image the choriocapillaris (CC). Red lines indicate the
boundary of the drusen manually identified from the structural SS-OCT en face RPE to RPE
fit slab; corresponding B-scans were also used to confirm the drusen-related RPE elevation.
Drusen with greatest linear diameter < 125 pm were excluded. (B) The inverted en face CC
SS-OCT image from part A that will be used to compensate for signal attenuation in the CC
flow image. (C) En face SS-OCT angiography (SS-OCTA) image of the CC layer before
compensation. (D) En face SS-OCTA image of the CC layer after compensation. (E)
Binarized uncompensated CC image using the fuzzy C-means (FCM) method. (F) Binarized
compensated CC image using the FCM method. (G) Binarized uncompensated CC image
using the Phansalkar method with a radius of 15 pixels. (H) Binarized compensated CC
image using the Phansalkar method with a radius of 15 pixels.
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FIGURE 3.
Examples of using the Phansalkar local thresholding method (Phansalkar method) with

window radii ranging from 1 to 15 pixels on a 6x6 mm scan from a normal eye. (A) En face
choriocapillaris (CC) swept source optical coherence tomography angiography image that
has been compensated by using the inverted CC structure slab. (B through P) Each panel
represents an increase in the radius of 1 pixel when using the Phansalkar method to
threshold the image shown in part A. Part B represents the image derived from using a
radius of 1 pixel and part P represents the image derived from using a radius of 15 pixels.
The value of each pixel in parts B through P is the threshold for corresponding pixel in part
A
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Histogram plots of different groups of pixels corresponding to the 6- x 6mm choriocapillaris
images shown in Figures 3 and 4. (A) Histogram of different groups of pixels using the
fuzzy C-means method. (B through P) Histograms of different groups of pixels using the
Phansalkar local thresholding method with window radii ranging from 1 to 15 pixels. As in
Figure 1, part F, the black color represents all pixels from the compensated swept source

optical coherence tomography angiography choriocapillaris (CC) image, the red color

represents the vasculature pixels corresponding to the CC, and the blue color represents the

pixels corresponding to the CC flow deficits.
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FIGURE 6.
Examples of a 6x6 mm image from an eye with drusen that has been thresholded using the

Phansalkar local thresholding method (Phansalkar method) with a range of window radii
from 1 through 15 pixels. (A) En face choriocapillaris (CC) swept source optical coherence
tomography angiography (SS-OCTA) image that has been compensated by using the CC
inverted structural slab. (B through P) Each panel represents an increase in the radius of 1
pixel when using the Phansalkar method to threshold the image shown in part A. Part B
represents the threshold image derived from using a radius of 1 pixel and part P represents
the threshold image derived from using a radius of 15 pixels. The value of each pixel in parts
B through P is the threshold for corresponding pixel in part A.
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FIGURE 7.
Examples of binarized choriocapillaris (CC) images using different strategies on the same

6x6 mm scan from an eye with drusen shown in Figure 6. (A) Binarized CC image using the
fuzzy C-means method. (B through P) Binarized CC image using the Phansalkar local
thresholding method with window radii ranging from 1 to 15 pixels.
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FIGURE 8.
Histogram plots of different groups of pixels corresponding to the 6x6 mm choriocapillaris

images shown in Figures 6 and 7. (A) Histogram of different groups of pixels using the
fuzzy C-means method. (B through P) Histograms of different groups of pixels using the
Phansalkar local thresholding method with window radii ranging from 1 to 15 pixels. As in
Figure 1, part F, the black color represents all pixels from the compensated swept source
optical coherence tomography angiography choriocapillaris (CC) image, the red color
represents the vasculature pixels corresponding to the CC, and the blue color represents the
pixels corresponding to the CC flow deficits.
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FIGURE 9.
Comparison of different choriocapillaris (CC) measurements obtained by using different

thresholding techniques on a 6x6 mm scan obtained from normal eyes and eyes with drusen
with and without compensation. In each plot, the results from the Phansalkar local
thresholding method (PL) using a range of window radii from 1 to 15 pixels are compared
with the fuzzy C-means (FCM) method. The box plots correspond to flow deficit densities
(FDDs) (A, D, and G), mean flow deficit sizes (MFDSs) (B, E, and H), and flow deficit
numbers (FDNSs) (C, F, and 1) from 6x6 mm scans using different thresholding techniques in
normal subjects (A through C), drusen subjects with compensation (D through F), and
drusen subjects without compensation (G through 1).
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FIGURE 10.
Comparison of different choriocapillaris (CC) measurements obtained by using different

thresholding techniques on a 3x3 mm scan obtained from normal eyes and eyes with drusen
with and without compensation. In each plot, the results from the Phansalkar local
thresholding method (PL) using a range of window radii from 1 to 15 pixels are compared
with the fuzzy C-means (FCM) method. The box plots correspond to flow deficit densities
(FDDs) (A, D, and G), mean flow deficit sizes (MFDSs) (B, E, and H), and flow deficit
numbers (FDNSs) (C, F, and 1) from 6x6 mm scans using different thresholding techniques in
normal subjects (A through C), drusen subjects with compensation (D through F), and
drusen subjects without compensation (G through 1).
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FIGURE 11.
The effect of choosing different window radii in the Phansalkar local thresholding method

for 6x6 mm choriocapillaris ept source optical coherence tomography angiography (SS-
OCTA) images. (A through E) Cropped 6x6 mm CC SS-OCTA images with red circles
representing a local window with radii of 1, 2, 3, 4, and 15 pixels, which correspond to
circles with 29.30 um, 41.02 pm, 52.73 pm, and 181.64 pm diameters. (F through J)
Corresponding binarized CC images with a local window radius of 1, 2, 3, 4, and 15 pixels,
which correspond to circles with 29.30 um, 41.02 um, 52.73 um, and 181.64 um diameters.
(K through O) The overlay of detected CC FDs from panels F and G represented as red lines
on the corresponding SS-OCTA CC images from parts A through E. Scale bar = 100 um.
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FIGURE 12.
The effect of choosing different window radii in the Phansalkar local thresholding method

for 3x3 mm choriocapillaris (CC) swept source optical coherence tomography angiography
(SS-OCTA) images. (A through F) Cropped 3x3 mm CC OCTA image with red circles
representing a local window with radii of 4, 5, 6, 7, 8, and 15 pixels, which correspond to
circles with 26.37 um, 32.23 pm, 38.09 pm, 43.95 um, 49.80 um, and 90.82 um diameters.
(G through L) Corresponding binarized CC images with a local window radius of 4, 5, 6, 7,
8, and 15 pixels, which correspond to circles with 26.37 um, 32.23 pm, 38.09 um, 43.95 um,
49.80 pm, and 90.82 pum diameters. (M through R) The overlay of detected CC FDs from
parts G through K represented as red lines on the corresponding SS-OCTA CC images from
parts A through F. Scale bar = 100 um.
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TABLE 1.
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Local Window Diameter with Corresponding Radius in Both 3- x 3-mm and 6- x 6-mm Scans, Assuming
1024 x 1024 Pixels as the Manufacturer’s Default Setting

Window Diameter, um

Window Radius, Pixels ~ 3x3 mm 6x6 mm
1 8.79 17.58
2 14.65 29.30
3 20.51 41.02
4 26.37 52.73
5 32.23 64.45
6 38.09 76.17
7 43.95 87.89
8 49.80 99.61
9 55.66 111.33
10 61.52 123.05
11 67.38 134.77
12 73.24 146.48
13 79.10 158.20
14 84.96 169.92
15 90.82 181.64
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