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Guidelines for Imaging the Choriocapillaris
Using OCT Angiography
ZHONGDI CHU, QINQIN ZHANG, GIOVANNI GREGORI, PHILIP J. ROSENFELD, AND RUIKANG K. WANG
� PURPOSE: To provide guidance on how to appropriately
quantitate various choriocapillaris (CC) parameters with
optical coherence tomography angiography (OCTA).
� DESIGN: Evidence-based perspective.
� METHODS: Review of literature and experience of
authors.
� RESULTS: Accurate and reliable quantification of CC
using OCTA requires that CC can be visualized and
that the measurements of various CC parameters are vali-
dated. For accurate visualization, the selected CC slab
must be physiologically sound, must produce images
consistent with histology, and must yield qualitatively
similar images when viewing repeats of the same scan or
scans of different sizes. For accurate quantification, the
measured intercapillary distances (ICDs) should be
consistent with known measurements using histology
and adaptive optics and/or OCTA, the selected CC pa-
rameters must be physiologically and physically meaning-
ful based on the resolution of the instrument and the
density of the scans, the selected algorithm for CC binar-
ization must be appropriate and generate meaningful re-
sults, and the CC measurements calculated from
multiple scans of the same and different sizes should be
quantitatively similar. If the Phansalkar local threshold-
ing method is used, then its parameters must be optimized
for CC based on the OCTA instrument and scan patterns
used. It is recommended that the window radius used in
the Phansalkar method should be related to the expected
average ICD in normal eyes.
� CONCLUSIONS: Quantitative analysis of CC using
commercially available OCTA instruments is compli-
cated, and researchers need to tailor their strategies based
on the instrument, scan patterns, anatomy, and thresh-
olding strategies to achieve accurate and reliable
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T
HE IMAGING AND ANALYSIS OF THE CHORIOCAPIL-

laris (CC) using optical coherence tomography
angiography (OCTA) has become one of the hottest

topics in ophthalmological research in recent years. Re-
searchers have used different OCTA instruments and
various analytical methods to characterize various proper-
ties of the CC in ocular diseases, such as age-related macu-
lar degeneration,1 diabetic retinopathy,2 glaucoma,3 and
central serous chorioretinopathy.4 Like many new tech-
niques, the emergence of CC imaging and its quantitation
has been accompanied by new challenges due to limited
understanding of current technology and the inappropriate
use of various algorithms. Many of the limitations and chal-
lenges associated with these strategies have been
explored,5–7 but no definitive conclusions or protocols
have been provided to guide researchers on how to best
image the CC and to perform its quantitative analysis.
This report aims to summarize lessons we learned in our
experience and to provide evidence-based guidelines on
how to appropriately image and analyze the CC flow using
OCTA, with a particular emphasis on swept source OCTA
(SS-OCTA).
ACCURATE CC VISUALIZATION USING
OCTA

THE FIRST STEP IN APPROPRIATELY ANALYZING THE FLOW

within the CC is to accurately visualize the CC. The CC
is a thin but dense vascular monolayer located along the in-
ner choroid, adjacent to the Bruch membrane (BM). The
most important step in visualizing the CC flow using
OCTA is an accurate segmentation of the relevant retinal
structures.

� CC SLAB SELECTION MUST BE PHYSIOLOGICALLY
SOUND: OCT is an imaging modality that provides cross-
sectional, depth-encoded information. Therefore, in
OCT and OCTA imaging, the z-axis (depth) segmentation
is the first step in visualizing any particular layer of interest.
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https://doi.org/10.1016/j.ajo.2020.08.045

LL RIGHTS RESERVED.

mailto:wangrk@uw.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajo.2020.08.045&domain=pdf
https://doi.org/10.1016/j.ajo.2020.08.045


FIGURE 1. Illustration of how to define the choriocapillaris (CC) slab by averaging all A-lines in both swept-source optical coher-
ence tomography (SS-OCT) volume and SS-OCT angiography (SS-OCTA) volume datasets using a previously published high-
resolution (~7 mm laterally, compared with ~16-20 mm in commercial OCT systems) SS-OCT system.13 (A) Representative SS-
OCT B-scan and (B) corresponding OCTA B-scan. (C) Averaged A-line profiles from SS-OCT (black) and SS-OCTA (red) signals,
with the zoomed-in profile near the CC in the top right corner. The OCT peak at 1,002 mm represents the BM, the OCTA peak at
1,018 mm represents the posterior boundary of the CC. (D) En face OCTA CC image with the slab positioned at a depth of
1,004L1,020 mm. (E) En face OCT CC image of the same slab from (D). Scale bars represent 100 mm.
Traditionally, volumetric OCT data have been used to
perform layer segmentation because different ocular layers
often have different OCT reflectivity due to their specific
optical properties.8 In the case of CC visualization, the
theoretical definition of the CC slab should start from its
anatomic location, which is adjacent to the outer boundary
of BM and has the thickness of a single capillary diameter.9

Ideally, the thickness of the CC slab should be equal to
the axial diameter of a single CC vessel, which decreases
with aging, with a mean thickness of 9.8 mm in the first
decade of life and 6.5 mm in the tenth decade of life.10

However, the convolutional effect of OCT resolution
will artificially fatten the biological features during imag-
ing. Therefore, the thickness of the CC slab should take
into account the effects of axial resolution of OCT
(~6 mm). Thus, a CC slab of 10-20 mm thickness, located
directly beneath the BM, should yield the best OCTA en
face images. In practice, due to the limited axial resolution
of OCTA (~6 mm) and the scattering properties of these
retinal layers, common OCT systems cannot individually
resolve the retinal pigment epithelium (~11 mm thick)
from the BM (~2-6 mm thick in normal eyes),10,11 unless
they are separated due to pathology. Thus, in normal eyes,
VOL. 222 IMAGING THE CHORIOCAP
the retinal pigment epithelium/BM complex is generally
presented as a wide bright band in the OCT image, and
the CC slab should be defined parallel to the segmentation
line of either the retinal pigment epithelium or BM. If the
retinal pigment epithelium is being segmented (upper
boundary of the retinal pigment epithelium/BM com-
plex), the CC slab should be placed approximately
16 mm beneath the segmentation line, considering the
thickness of the retinal pigment epithelium and BM. If
the BM is being segmented (the lower boundary of the
retinal pigment epithelium/BM complex), the CC slab
should be placed approximately 4 mm below the segmen-
tation line, considering the thickness of BM. Another
approach to define the CC slab could use the averaged
A-lines as previously described by multiple groups.12–14

Figure 1 shows an example of such approach. Figure 1, A
and B are OCT and OCTA B-scans, respectively, from
previously published high-resolution (~7 mm laterally,
compared with ~16-20 mm in commercial OCT systems)
SS-OCT data.13 Figure 1, C shows the averaged A-line
profiles through the whole volume. Two obvious peaks
can be observed, 1 from the OCT data and 1 from the
OCTA data, labeled with arrows. The peak from the
93ILLARIS WITH OCTA



FIGURE 2. Example showing the appearances of en face swept-source optical coherence tomography (SS-OCT) and SS-OCT angi-
ography (SS-OCTA) images at different depth positions of the same dataset in Figure 1. (A1-L1) Single pixel en faceOCT images at
depth position of 998-1,042mm, position 1,002mm is the calculated Bruchmembrane position, as shown in Figure 1. (A2-L2) Single
pixel en faceOCTA images at depth position of 998-1,042mm, position 10,018mm is the calculated choriocapillaris posterior bound-
ary position, as shown in Figure 1. Scale bars represent 100 mm.
OCT data represents the BM (positioned at 1,002 mm
depth), whereas the peak from the OCTA data represents
the posterior boundary of the CC (positioned at 1,018 mm
depth). Figure 2 shows the en faceOCT andOCTA images
at each depth position (single pixel). With this approach,
the posterior boundary of the CC slab can be decided by
identifying the CC peak from averaged OCTA A-lines,
and the anterior boundary of the CC slab can be decided
by identifying the BM peak from the averaged OCT A-
lines. Figure 1, D (OCTA) and Figure 1, E (OCT) show
such a CC slab positioned from 4 mm below the BM
peak to the CC posterior boundary peak.

When generating CC slabs, researchers should always
take OCT CC structure en face images into consider-
ation; these structural images can be used to judge if
the CC slab is too deep into the choroid. For example,
Figure 3 shows an example of a normal eye acquired by
PLEX Elite 9000 (Carl Zeiss Meditec, Dublin, California,
USA), in which different OCT and OCTA CC slabs
were extracted using different locations offset to the
94 AMERICAN JOURNAL OF
BM segmentation line (manual segmentation, red dashed
lines in Figure 3, A and B). Although the OCTA CC en
face flow images look similar across different slabs, the
changes in the appearance of the OCT structural CC
en face images are apparent, ranging from a homogeneous
appearance to a variegated appearance. Researchers
should be aware that if the OCT structural CC en face im-
age appears variegated, as in Figure 3, D and F, then your
CC slab is too deep into the choroid. This could also be
seen in data scanned from our lab-built, high-resolution
SS-OCT system, in which Figure 2, G1-L2 clearly dem-
onstrates that the variegated OCT structural images
indicate that the slab is placed too deep into the choroid
rather than at the real CC. It could be observed that the
choroidal slabs in Figure 2, K1 and K2 show larger diam-
eter vasculature in the OCTA image and variegated
pigment appearances in the OCT image, whereas the
CC slabs in Figure 2, E1 and E2 show smaller diameter
vasculature in the OCTA image and homogenous
appearance in the OCT image.
FEBRUARY 2021OPHTHALMOLOGY



FIGURE 3. Example of PLEX Elite 9000 swept-source opti-
cal coherence tomography angiography (SS-OCTA) chorio-
capillaris (CC) slab with a thickness of 15 mm located at
selected positions of a 6 3 6-mm scan in a normal eye. (A
and B) Cross-sectional SS-OCTA and SS-OCT B-scans
showing the position of segmented Bruch membrane (BM)
(red dashed lines). (C and D) En face SS-OCTA and SS-
OCT CC images with a position of 4-20 mm under the
segmented BM. (recommended) (E and F) En face SS-
OCTA and SS-OCT CC images with a position of 21-
37 mm under the segmented BM. (G and H) En face SS-
OCTA and SS-OCT CC images with a position of 39-
55 mm under the segmented BM. OCTA CC images were
compensated for shadowing effect by using the CC structural
signals, and retinal projection artifacts were removed. Posi-
tions in micrometers have been rounded (1 pixel [
1.9531 mm).

VOL. 222 IMAGING THE CHORIOCAP
Because not all research groups develop their own seg-
mentation software to generate en face images, it is com-
mon for researchers to rely on the proprietary
segmentation software in each commercial OCT instru-
ment to generate en face OCT and OCTA images. There-
fore, it is important to check and correct all segmentation
lines, especially in the presence of pathology because cur-
rent automated segmentation algorithms can often be un-
reliable, especially along the retinal pigment epithelium/
BM layer.

� SELECTEDCC SLABMUST SHOWSIMILARITY INAPPEAR-
ANCE COMPARED WITH HISTOLOGY: Once the anatomi-
cally correct CC slab is generated, the corresponding
OCTA CC en face flow image should be visually checked
for resemblance to previously published histological im-
ages. Previous studies showed that the CC network has
distinguishable morphological features at different re-
gions.15 In the submacular region, the CC appears as a
dense meshwork pattern of interconnected capillaries sepa-
rated by septa, whereas in the equatorial and peripheral re-
gions, the CC has a lobular pattern in which arterioles and
venules join the segment from either the center or the pe-
riphery of the lobules. The averaged CC vessel diameter
(laterally) under the macular was reported as 16-20 mm,
with intercapillary distances (ICDs) of 5-20 mm. However
in the equatorial region, CC vessel diameter (laterally) was
reported as 20-50 mm with ICDs of 50-200 mm.16

As previously explained,5 the CC networks under the
macula cannot be fully resolved due to the limited lateral
resolution of OCTA, but more widely spaced capillary net-
works within the equatorial regions are easier for OCTA to
resolve. Registering and averaging multiple OCTA vol-
umes is one useful approach for improving CC visualiza-
tion, but averaging does not improve the optical
resolution of the images. Therefore, individual capillaries
will still be beyond the instrument’s reach.17 Researchers
should consider averaging images to visually confirm the
resemblance of their OCTA CC images with histological
images, particularly in the peripheral regions. Although
some of the capillaries within the macula will still remain
unresolved, pathological flow deficits will be better defined
due to a decrease in noise. Figure 4 demonstrates one such
example in which average OCTA CC images (previously
published data17) show a high degree of similarity
compared with scanning electron microscope images.16

With this comparison, researchers can increase their confi-
dence that the OCTA signals they are looking at are from
the CC networks.

� REPEATED SCANS OF SAME AND DIFFERENT SIZES
SHOULD BE QUALITATIVELY SIMILAR: In addition to
comparing CC images with histological CC images, re-
searchers should also collect data to confirm that repeated
scans of the same subject, using the same scanning pattern,
are qualitatively similar. Moreover, when performing
95ILLARIS WITH OCTA



FIGURE 4. Comparison of choriocapillaris (CC) in the macular region and equatorial region using PLEX Elite 9000 swept-source
optical coherence tomography angiography (SS-OCTA) and scanning electron microscopy (SEM). (A) En face SS-OCTA CC image
acquired in the macular region, 5 33 3-mm scans averaged with 300 A-scans and 300 B-scan positions. (B) En face SS-OCTA CC
image acquired in the equatorial region, 5 scans averaged (as previously described). (C) SEM CC image of methyl methacrylate casts
under the macular region, reproduced from Olver16 with permission. (D) SEM CC image of corrosion casts under the equatorial re-
gion, reproduced from Olver16 with permission.
repeated scans of the same subject at the same location us-
ing different scanning patterns (such as 3 3 3-mm scans
and 63 6-mm scans), researchers should confirm that these
scans are qualitatively similar. The next step in generating
OCTA CC images requires that the researcher should also
consider the physical limitations of OCT imaging, particu-
larly the potential for artifacts. For example, in cases of pa-
thology, especially in the presence of drusen, the OCT
signal can be significantly attenuated after passing through
drusen. As a result, the OCTA flow signal, derived from the
OCT structural signal, often shows abnormally low inten-
sity. A specially designed compensation strategy18 is help-
ful in such cases. Although light propagation and
backscattering within tissues are a complicated physical
process in the presence of pathologies, the published strat-
egy by Zhang and associates,18 in which the inverted struc-
tural image derived from the CC slab is used to compensate
for the intensity of CC flow image, works well for drusen.
96 AMERICAN JOURNAL OF
Specific examples of the application of this approach on
eyes with drusen can be found in previous publications.19,20

This strategy also compensates for the lack of uniformity in
the OCT signal across the scan area. This approach re-
quires an accurate CC slab, as defined earlier in this study.
For inaccurate slabs that are deeper into the choroid, espe-
cially ones with variegated appearances in the OCT en face
images, brighter signals from pigments in deeper choroid in
the structural image could introduce unwanted artifacts.21

This approach has its limitations; for example, signals of
areas underneath migrated pigments might be beyond sal-
vation and should be excluded. Different compensation
strategies might be needed for other pathologies, such as
retinal edema or hyper-reflective materials located above
the retinal pigment epithelium/BM complex. Finally,
retinal projection artifacts22 need to be removed for
optimal imaging of the CC before any quantitation is
performed.
FEBRUARY 2021OPHTHALMOLOGY



ACCURATE CC QUANTIFICATION
USING OCTA

ONCE GOOD VISUALIZATION OF THE CC IS OBTAINED, THE

next steps will ensure accurate quantitation of CC param-
eters using OCTA.

� MEASURED ICDS SHOULD BE CONSISTENT WITH
KNOWN MEASUREMENTS USING HISTOLOGY: An impor-
tant quantitative parameter that researchers should
consider when dealing with OCTA CC images is the
ICD. The ICD is defined as the averaged distance from
the center of one capillary lumen to another. Therefore,
it is substantially equivalent to 1 capillary width plus the
width of 1 physiological flow void. In some histological
studies, the ICD was defined as the distance from the
edge of 1 capillary to another.16 Multiple groups reported
measurements of ICD values using a radially averaged po-
wer spectrum analysis with different OCTA systems.12–
14,17,23 This measurement is performed by generating and
radially averaging a 2-dimensional power spectrum from
OCTA CC images. The resultant peak in the averaged
plot represents the most prevalent spacing, which is the
averaged ICD in the CC images. Previous histological
studies16 reported that in macular regions the CC vessel
diameter is approximately 16-20 mm, whereas the vessel
edge-to-edge distance is 5-20 mm. Thus, according to the
previous definition of ICD, 1 vessel width plus 1 flow
void width would provide an ICD of approximately 21-
40 mm. Due to the limitations of OCTA, the calculated
ICDs might not match with the histological measurements
exactly but should be relatively consistent with this 21-
40 mm range. This ICD measurement does not require a
binarization algorithm.

� SELECTED PARAMETERS MUST BE PHYSIOLOGICALLY
AND PHYSICALLY MEANINGFUL: As previously discussed,
the limited lateral resolution of OCTA images makes it
difficult to visualize the detailed macular CC vasculature
network.5 Instead of developing a binarization algorithm
to segment individual capillaries, most researcher choose
to segment flow deficits (FDs), which can be larger than
the typical size of physiological flow voids, are within the
detection sensitivity of OCTA images, and represent CC
flow impairment, which is the feature of the CC that is
associated with disease. Many quantitative parameters
have been introduced in various reports17,24,25 to describe
CC FDs, but it is important for researchers to only select pa-
rameters that are physiologically and physically meaning-
ful. Some appropriate metrics include FD density (FDD),
FD number, mean FD size, or average FD size/average FD
area and ICD. Some inappropriate parameters include
vessel skeleton density, vessel length density, and vessel
diameter index. Generally speaking, researchers should
avoid using any parameter that involves skeletonizing the
binarized CC image unless they can prove that individual
VOL. 222 IMAGING THE CHORIOCAP
CC vessels have been fully resolved and segmented in their
images. With the current OCTA lateral resolution, we can
only reasonably attempt to measure the perfusion deficits
within the CC (or FDs) but not with detailed vascular
morphology patterns.

� SELECTEDALGORITHM FORCC BINARIZATIONMUST BE
APPROPRIATE AND GENERATE MEANINGFUL RESULTS:

To quantify the previously mentioned meaningful parame-
ters, the OCTA CC images must be binarized, which re-
quires applying a thresholding strategy. Several
thresholding algorithms have been used in the literature
to segment the CC FDs. As we discussed in a previous pub-
lication, some of those algorithms were not appropriate to
the task at hand for various reasons.5 Useful methods that
are available include: 1) a global thresholding method
that uses SD values of a normal database (SD method)18;
2) a thresholding method that uses the fuzzy C-means algo-
rithm (FCM method)17; and 3) the Phansalkar local
thresholding method (Phansalkar method).26 We previ-
ously reported a high correlation between the SD method
and the FCM method using a normative database.27 More-
over, we also pointed out that when using the Phansalkar
method, the choice of local window radius can significantly
affect the appearance of binarized CC FD images and sub-
sequent quantification.5 Many researchers26,28–30 used a
fixed 15-pixel radius window with the Phansalkar method,
although, due to the properties of the various scan patterns,
the actual pixel size ranged from 2.9 to 9.9 mm/pixel in
these studies. The discrepancy in the physical dimensions
of the window radius was particularly concerning, and
this discrepancy compromised the assessment of previously
published reports and made cross validation comparisons
difficult.
To explore how the choice of different window radii in-

fluences CC quantification, we conducted a study19 in
which eyes scanned using a SS-OCTA instrument (PLEX
Elite 9000, Carl Zeiss Meditec) were analyzed using the
Phansalkar method, with window radii ranging from 1 to
15 pixels (33 3mm: 2.9mm/pixel, 63 6mm: 5.9mm/pixel
for images adjusted to 1,024 3 1,024 pixels). In our study,
we found that larger window radii resulted in higher FDD
values. With the increase in the window size, the FD num-
ber initially increased and then decreased, and the opposite
trend was found for mean FD size. However, the inflection
point for this change corresponded to a window radius
equal to approximately 1-2 ICDs, which provided some
justification for considering this to be an optimal choice
for the proper use of the Phansalkar method. Moreover,
this choice of 1-2 ICDs for the window radius yielded im-
ages that closely resembled the actual CC flow images
before binarization and were substantially indistinguishable
from the results obtained using the FCM approach, as
demonstrated in Figure 5. After analyzing our data, we
concluded the Phansalkar method could be a good
approach for the CC quantification, as long as its
97ILLARIS WITH OCTA



FIGURE 5. Comparison of choriocapillaris (CC) flow deficits (FDs) segmented using different algorithms with PLEX Elite 9000
swept-source optical coherence tomography angiography (SS-OCTA). (A) 6 3 6-mm en face SS-OCTA CC image from a normal
eye (1,024 3 1,024 pixels). (B) Segmented CC FDs binary map using the Fuzzy C-means method; black pixels represent FDs.
(C) Segmented CC FDs binary map using the Phansalkar local thresholding method, with a window radius of 3 pixels (a diameter
of 41 mm). (D) Segmented CC FDs binary map using the Phansalkar local thresholding method, with a window radius of 15 pixels
(a diameter of 182 mm).
parameters, especially the local window radius, were opti-
mized for the OCTA CC images. Therefore, we recom-
mend that the proper use of the Phansalkar method
should include the selection of the window radius related
to the expected ICD in normal eyes. Thus, for the Phansal-
kar method, 1-2 ICDs should be selected as the window
diameter (2 3 radius þ 1 pixels), then for a 3 3 3-mm
scan (2.9 mm/pixel), a radius of 4-8 pixels could be chosen,
and for a 6 3 6-mm scan (5.9 mm/pixel), a radius of 2-4
pixels could be chosen. In the case of CC binarization, it
is clear that global thresholding techniques and local
thresholding techniques each have its own merits and lim-
itations. Future studies may also consider using>1 binariza-
tion technique to ensure accurate evaluation.

As mentioned previously, when developing an algorithm
for CC binarization, the most straightforward criterion for
judging the validity of any binarization strategy is to
compare the OCTA CC flow image side-by-side with the
binarized CC FD image. The major FDs segmented in the
binarized image should closely resemble the FDs in the orig-
98 AMERICAN JOURNAL OF
inal OCTA CC image. The binarized CC FD image should
not appear to create false positive FDs or artificial vascula-
ture networks. Moreover, the calculated CC FD quantita-
tive parameters should stay consistent with histological
studies. Because OCT imaging is a convolutional process
with a lateral resolution of approximately 20 mm (imaged
features will be dilated ~20 mm larger), the CC imaged
by OCTA appears wider. Consequently, the CC perfusion
density calculated from OCTA images should be expected
to be considerably larger than the values calculated from
histological images. Taking quantification of retinal vascu-
lature as an example, a previous histological study that used
confocal scanning laser microscopy reported on vessel area
density, which is the opposite of the flow deficit density, in
the ganglion cell�inner plexiform layer, as 22.32% 6
0.99%,31 whereas this value was 48.6% 6 1.4% from the
OCTA assessment.32 This significant difference in re-
ported vessel density was mainly caused by lateral resolu-
tion of OCTA. Similarly, CC density (which is equal to
1.0 FDD) measured by OCTA should also result in higher
FEBRUARY 2021OPHTHALMOLOGY



values compared with the CC density measured by histo-
logical studies,10 meaning that OCTA-measured FDD
should be lower than the real values. If abnormally high
FDD values are obtained using OCTA, it is possible that
the selected thresholding technique has not been
optimized.

Most studies have adopted a signal strength cutoff as
part of their data inclusion criterion, per the recommen-
dations of OCTA manufacturer. However, studies have
also shown positive correlation in the signal strength
with quantitative vasculature metrics, even above the
common cutoffs.33,34 Therefore, it might be useful to
adopt a signal normalization strategy in CC quantifica-
tion. Zhang and associates22 previously normalized data
with a signal strength index of <9 against an index of
9, in which each voxel in the OCT and OCTA volume
was multiplied by a factor of 9 divided by the actual signal
strength index of the data, before segmentation and en
face image generation took place. Such strategy might
not work perfectly because it is unknown how device
manufacturers defined their signal strength index. For
future work, it might be necessary for the device manufac-
turers to become involved in the signal normalization to
obtain more accurate CC quantifications.

� MULTIPLE SCANS OF SAME SIZE AND DIFFERENT SIZES
SHOULD BE REPEATABLE AND CORRELATED: Researchers
should make sure that their quantitative analyses of the CC
demonstrate repeatability in both normal and diseased
eyes. If the OCTA CC flow metrics are to be used as a
biomarker for assessing disease pathology and progression,
then quantitative CC metrics should be able to demon-
strate good repeatability. Otherwise, it would be simply
impossible to compare CC properties among patient co-
horts or track disease progression. Quantitative metrics ac-
quired from the multiple scans of the same subjects using
the same scanning pattern should have good repeatability.
Likewise, quantitative metrics acquired from multiple
scans of the same subjects using different scanning patterns
(3 3 3 mm and 6 3 6 mm) should be highly correlated.35

Various studies have used coefficient of variation and intra-
class correlation coefficient values18 to judge the clinical
usefulness of results. When publishing new studies with
new quantification approaches, it is important that re-
searchers investigate the reproducibility properties and
compare them to those of other algorithms. Most impor-
tantly, high repeatability should not be obtained at the
cost of sensitivity. For quantitative CC metrics to be used
as biomarkers, researchers must demonstrate both high
repeatability of measurements as well as high sensitivity
in detecting pathology; high repeatability of any given
measurement is not a substitute for sensitivity.6 Because a
particular slab yields results that are repeatable does not
mean that the results are relevant for detecting disease. Re-
searchers need to assess the relationship between repeat-
ability and sensitivity.
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OCTA systems typically provide multiple choices of
scanning patterns. For example, in the current SS-OCTA
instrument (PLEX Elite 9000), options include 3 3
3 mm, 6 3 6 mm, 9 3 9 mm, 9 3 15 mm, and 12 3
12 mm scan patterns. However, not all scans are suitable
for the CC quantification. Because of the limited lateral
resolution of the system, it is best to use images that sample
the retina tissue as densely as possible. The 33 3 mm scan
has a sampling (or scanning) density of 10 mm/pixel, and
the 6 3 6 mm scan has a sampling density of 12 mm/pixel.
Both scan sizes have been reported to be useful in the quan-
titative CC analyses. However, larger scans such as 9 3
9 mm, 9 3 15 mm and 12 3 12 mm scans currently use a
larger sampling density of 18 mm/pixel and 24 mm/pixel,
making it almost impossible to provide reliable quantita-
tive assessment of the CC network. The thickness measure-
ments of the retinal pigment epithelium, BM and CC layers
also vary between the macular region to the equatorial re-
gions.36 Therefore, variegated appearances of CC OCT
structural images from larger scans can be observed when
a uniformly defined CC slab is used. This often indicates
inaccurate CC visualization with larger scanning patterns.
SUMMARY AND FUTURE
CONSIDERATIONS

THEREARENUMEROUS ISSUES TO BE CONSIDEREDWHEN IM-

aging the CC with OCTA and carrying out a quantitative
analysis of such images. In our pursuit of an optimal proto-
col to tackle this problem, we have made some mistakes
and learned many lessons. In this report, we presented a
summarized checklist of how best to visualize and quantify
the CC with OCTA. In each claim, we presented specific
guidelines, as well as provided rationale and evidence.
In summary, we argue that to achieve an accurate and

reliable CC quantitative analysis using OCTA, researchers
must make sure that both the visualization of the CC and
the quantification of the CC are physically and physiolog-
ically justifiable. As a first step to ensure accurate visualiza-
tion of the CC, the selection of the CC slab must be
physiologically sound. The CC slab should be defined as
a 10-20 mm thickness slab beneath the BM. Proprietary al-
gorithms from manufactures or various research groups
most often define the CC slab by segmenting either the
retinal pigment epithelium or BM. With such approaches,
the difference offset from the segmentation line may
depend on the specific characteristics of the segmentation
and should be decided using retinal pigment epithelium
and BM thicknesses calculated from histological
studies.10,11 A CC slab could also be segmented by using
averaged A-lines to identify the BM and the posterior
boundary of the CC. Averaged OCT A-lines could be
used to identify the position of the BM, and the anterior
boundary of the CC should be approximately 2-4mmbelow
99ILLARIS WITH OCTA



this BM position. Averaged OCTA A-lines could be used
to identify the posterior boundary of the CC. When
defining the CC slab, the OCT structural CC en face image
should always be examined to avoid a variegated appear-
ance caused by irregular structures in the deeper choroid.
The generated OCTA CC images should show a similar
appearance to histology. OCTACC images under the mac-
ula should have a dense meshwork appearance, whereas in
the equatorial region, the CC images should have more
lobular pattern. Finally, multiple OCTA CC images from
the same and different scan sizes should be qualitatively
similar.

Once a good visualization of the CC is achieved, the
additional steps are necessary to ensure accurate CC quan-
tification. If researchers choose to measure the ICD, it
should be consistent with known measurement using his-
tology (~21-40 mm).16 If researchers choose to segment
and quantify FDs, the selected parameters must be physio-
logically and physically meaningful. Parameters like vessel
skeleton density, vessel length density, and vessel diameter
index should be avoided due to the inability to resolve in-
dividual CC vessels, at least in the submacular region, using
current SS-OCTA systems. In the process of segmenting
the CC FDs, the selected algorithm for CC binarization
must be appropriate and generate physically meaningful re-
sults. If the Phansalkar method is chosen, its parameters
should be optimized using a window radius that is specific
for the OCTACC images. We recommend using a window
radius of 1-2 ICDs. Finally, quantitative metrics generated
by the multiple scans of the same and different sizes should
be repeatable and correlated.

The limited lateral resolution of OCTA is the most
important reason why the quantitative analysis of the
CC is so complicated. Quite simply, it is difficult to
confirm accurate visualization and quantification of the
100 AMERICAN JOURNAL OF
CC in the macula where the imaging technology is unable
to resolve the detailed microvascular network. However,
this does not mean that the commercially available
OCTA instruments are not useful in CC analysis.
Although OCTA cannot always resolve individual CC
vessels, it is typically capable of resolving the lack of
CC flow, which is why we choose to segment and quantify
CC FDs instead of actual vessels. Currently, efforts have
begun to develop next-generation instruments that will
achieve higher resolution and faster speeds for CC imag-
ing.13,37 It is possible that with the technological advance-
ments, commercial OCTA systems could achieve the
ability to make CC imaging more straightforward and
easier to quantitate in the future. However, for now, we
strongly encourage researchers to follow the guidelines
provided in this perspective so they can generate mean-
ingful quantitative CC metrics that are similar across plat-
forms to help diagnose, follow, and predict the progression
of ocular diseases.
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