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Purpose: Although commercial optical coherence tomography angiography (OCTA)
machines quantitate retinal vascular density (VD) by dividing the vasculature into superficial
and deep capillary plexus (SCP, DCP), histology reveals three distinct plexus layers. This
study tested the hypothesis that the VD measurement of three distinct retinal plexus layers
obtained using custom segmentation has high repeatability comparable to that of automati-
cally segmented SCP and DCP layers.

Materials and Methods: Forty-four participants (86 eyes) were enrolled — 54 eyes with
retinal vasculopathy and 25 eyes with macular edema. Macular OCTA images (3x3 mm and
6x6 mm) were obtained twice within 30 minutes by the same personnel using the same
instrument (AngioVue, Optovue, version 2018.0.0.18). The intraclass correlation coefficient
(ICC) was calculated to access repeatability.

Results: The repeatability of VD for SCP and DCP was good-to-moderate (ICC=0.65-0.85)
and minimally affected by image quality, retinal vasculopathy, or macular edema. The
repeatability of the VD of the custom-segmented intermediate and deep plexus layers
(cICP and c¢DCP) was poor/moderate (ICC=0.40-0.74) but better in the subset without
macular edema using 3x3 mm scans with good images quality (ICC=0.58-0.93).
Repeatability of cICP and ¢cDCP VD measurement for 6x6 mm scans was poor (ICC<0.5)
in eyes with retinal vasculopathy and/or macular edema.

Conclusion: Although repeatability of the VD measurement is high for the automatically
segmented SCP and DCP, repeatability of VD is poor for the cICP and ¢cDCP using larger
scans in eyes with retinal vasculopathy and/or macular edema.

Keywords: deep retinal plexus, intermediate retinal plexus, macular edema, middle retinal
plexus, retinal vasculopathy

Plain Language Summary

Optical coherence tomography angiography (OCTA) is a new imaging modality for visualiz-
ing the retinal vasculature in three-dimensions. It is rapid and non-invasive. Currently
available commercial OCTA machines can measures the density of the blood vessels in the
retina by dividing the retinal vasculature into two layers of varying depth. In reality, the
retinal vasculature has three distinct vascular layers of differing retinal depth which can be
identified by manually customizing the setting in the OCTA machine. Accurate measurement
of the vascular density in these different retinal vascular layers is important for reliable
assessment of severity of retinal vasculopathy, but it is unknown whether the vascular density
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measurement of these three layers obtained by manual custo-
mized setting is reliable and repeatable. This study used a com-
mercially available OCTA instrument and found that the vascular
density measurements was highly repeatable when divided into
two layers of varying depth. However, when the OCTA machine
is customized to measure the vascular density of the retinal
vascular layers by dividing the vasculature into three layers of
varying depth, the repeatability of the vascular density measure-
ment decreased for the deeper layers. In fact, the repeatability
was poor for the intermediate and deep retinal vascular layers in
eyes with retinal vascular disease when using OCTA scans that
cover a larger retinal area. OCTA scans with higher image
resolution which cover a smaller area of the retina yielded
improved repeatability of vascular density measurement of
these deeper layers and recommended in eyes with retinal

vasculopathy.

Introduction

Optical coherence tomography angiography (OCTA) uses
motion-contrast imaging to provide three-dimensional ret-
inal blood flow information non-invasively.' Prior stu-
dies have shown that the areas of retinal nonperfusion
noted on traditional fluorescein angiography correlate
well with flow voids noted using OCTA.*?

Commercial OCTA instruments include software that
provides automated segmentation of the retinal vasculature
into superficial and deep retinal capillary plexus layers
(SCP and DCP, respectively). Automated quantitation of
the vascular density (VD) in these layers is possible.* '
Alterations in retinal vascular flow in SCP and DCP have
been described in eyes with retinal vascular diseases.””’

Histology and ultrahigh resolution OCT imaging, how-
ever, identified three distinct retinal vascular plexus layers.®'
These three distinct layers can be imaged using commercial
OCTA instruments by custom-segmentation.™'*'> Although
microvascular perfusion abnormalities are found in all three
layers using OCTA in eyes with diabetic retinopathy, visual
acuity appears to correlate most closely with changes in VD of
the deepest plexus layer imaged by custom-segmentation
(cDCP).” The retinal vascular changes in the custom-segmen-
ted intermediate plexus layer (cICP), also called middle capil-
lary plexus layer, was associated with disease progression.'

Repeatability of retinal VD measurement using OCTA
has been studied for the SCP and DCP using various
different OCTA instruments, but repeatability of VD
measurement for the cDCP and cICP has not been studied
to date. Furthermore, OCTA software varies among ven-
dors and continues to be refined and upgraded. Thus, the
repeatability of OCTA VD measurements obtained using

an older software or a different vendor may yield differ-
ent findings. Two studies reported high repeatability of
SCP VD measurement in normal eyes using a OCTA

instrument that 11,16

uses optical microangiography.
Others showed repeatability of the VD of the SCP can
be affected by signal strength, visual acuity, average VD,
and macular thickness in normal eyes and eyes with
retinal pathology.'” 2! Repeatability of the VD of the
deeper retinal capillary layers was not evaluated in
these studies due to concerns about projection artifacts.
A few studies that did evaluate repeatability of the VD of
the DCP were limited to normal eyes and showed vari-
able findings depending on the machine used.”'® In fact,
OCTA machines made by different vendors had compar-
able vascular density measurement for the SCP but not
for the DCP.?

In the current study, the repeatability of the VD mea-
surement of the three plexus layers, SCP, cICP, and cDCP,
was assessed using Optovue OCTA instrument with the
latest software (AngioVue, Optovue, version 2018.0.0.18,
Fremont, CA). Of note, the thicker DCP obtained using
Optovue OCTA is a combination of cICP and c¢DCP
(Figure 1). Optovue OCTA uses split-spectrum amplitude
decorrelation angiography for OCTA and corrects for pro-
jections artifacts in the deeper retinal layers.'? We selected
this OCTA instrument since the software for VD measure-
ment is now commercially available and was used pre-
viously to measure VD of the cDCP and cICP in eyes with
diabetic retinopathy.’ Since fundus pathology can affect
VD repeatability of the SCP,'”2° we enrolled eyes with
retinal vasculopathy, macular edema, and optic nerve
pathology as well as contralateral normal eyes. We tested
the hypothesis that repeatability of VD measurement of all
three plexus layers is high and unaffected by retinal vas-
culopathy or macular edema.

Materials and Methods

This prospective cross-sectional study enrolled individuals
with retinal vascular disease (+macular edema), optic neu-
ropathy, and normal contralateral eyes who were examined
at the University of California Davis Eye Center between
September 1, 2017, and April 30, 2018. The study was
conducted according to a protocol approved by the
Office of Human
Research and in adherence to the tenets of the
Declaration of Helsinki and Health Insurance Portability
and Accountability Act.

University of California, Davis
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Individuals qualified for this study if they were at least
18 years of age, signed informed consent, and had best
corrected visual acuity (BCVA) of at least 20/200 in one
eye. Individuals were excluded if pregnant or head tremor,
nystagmus, or other factors resulted in poor fixation or
head immobilization. Eyes with other concurrent retino-
pathy, advanced glaucoma, refractive error >6 diopters or
intraocular surgery within 6 months of enrollment were
excluded. A complete eye examination was performed on
the day of enrollment and imaging.

Image Acquisition and Analysis
All participants underwent two sessions of macular OCTA
imaging of both eyes performed by the same personnel

using the same machine. The participants were freshly
positioned at the OCTA machine for each session which
included a 3x3 mm and a 6x6 mm scan centered on the
fovea. All imaging was done after pupillary dilation and
completed within 30 minutes. Central macular thickness
(CMT) is defined as the thickness of the central zone in the
automated ETDRS macular thickness map.

The OCTA instrument had a scan rate of 70,000 A-
scans/seconds and axial and transverse resolution of 5 and
15 pum, respectively. The segmentation of the SCP and
DCP was performed automatically using pre-set settings
(Figure 1): SCP was between 3 um below the internal
limiting membrane (ILM) and 15 pm below the inner
plexiform layer (IPL); DCP was underneath the SCP to

B

Figure | Optical coherence tomography (OCT) and OCT angiography (OCTA) images of the retinal vascular capillary plexus layers and macular zones on the ETDRS map.
(A—C) Cross-sectional B-scan OCT images showing segmentation of the various retinal plexus layer including automated-segmentation of (A) the superficial capillary plexus
(SCP; red and green lines outline the border) and (B) deep capillary plexus (DCP; red and green lines outline the border), (C) custom-segmented intermediate capillary
plexus (cICP; red and green lines outline the border), and (D) custom-segmented deep capillary plexus (cDCP; two red lines outline the border). (E) An example of a 6x6
mm OCTA image of the DCP showing flow detected on an en face ETDRS map which includes the inner | mm circle (“fovea”), inner 3 mm ring and outer 6 mm ring. (F) An
example of 3x3 mm OCTA image of the SCP showing flow detected on an enface ETDRS map of the macula, the inner | mm circle (ie, “fovea”) and inner 3 mm ring.
(Overall ETDRS refers to the total 3 mm circle for the 3x3 mm scan and 6 mm circle for the 6x6 mm scan).
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70 um below the IPL. Segmentation for the ¢cDCP and
cICP was manually set on the OCTA machine as pre-
viously described.” The inner boundary of ¢cDCP was 19
um below the inner nuclear layer-outer plexiform layer
(OPL) junction, and the outer boundary was 9 pm below
the OPL-outer nuclear layer (ONL) junction. The segmen-
tation of the cICP was manually obtained from the DCP by
moving the outer boundary 9 um above the OPL-ONL
junction. All images were reviewed and corrected manu-
ally for any segmentation error before recording VD mea-
surement. OCTA scans with signal strength <6 were
considered poor quality.’

The VD measurement is the proportion of the scanned
macular area covered by detectable blood flow for regions
of the macula corresponding to the ETDRS macular map
(Figure 1). The “overall ETDRS” refers to the entire 3 mm
circle of the ETDRS map for the 3x3 mm scan and entire 6
mm circle for the 6x6 mm scan. The “fovea” refers to VD
of the central 1 mm zone. The foveal avascular zone (FAZ)
was measured automatically by the machine after manu-
ally correcting any boundary error.

Statistical Analysis

All statistical analysis was performed using SPSS software
version 21.0 (Armonk, NY: IBM Corp.). Intraclass corre-
lation coefficient (ICC) and coefficient of variation (CV)
were calculated for VD measurement. Repeatability based
on ICC was poor if <0.50, moderate if 0.50-0.75, good if
0.75-0.90, and excellent if >0.90.>> A CV of <10% was
considered low variability. Student’s #-test was performed
for comparison of scale variables. A P-value<0.05 was
considered statistically significant.

Results

Baseline Characteristics

Forty-four participants (86 eyes) were enrolled and
imaged. After excluding OCTA scans with signal strength
<6, eyes with good OCTA image quality (“Good Image
Cohort”) included 54 eyes (34 participants) for 3x3 mm
OCTA scans and 47 eyes (32 participants) for 6x6 mm
OCTA scans.

Table 1 summarizes the demographics and clinical char-
acteristics of the Total Cohort compared to the Good Image
Cohort. Most of the eyes with retinal vasculopathy had
diabetic retinopathy or retinal vein occlusion, the remaining
having radiation retinopathy or retinal artery occlusion. Eyes
with optic neuropathy included eyes with disc edema/

papilledema or optic nerve atrophy. No significant difference
was noted in mean BCVA and mean CMT between the Total
Cohort and the Good Image Cohort.

Vascular Density Repeatability

Effect of Image Quality and Scan Size

Table 2 summarizes the ICC and CV of VD measurement for
the Total Cohort and the Good Image Cohort. For the 3x3
mm scan, repeatability of VD measurement for the overall
ETDRS for SCP was good (ICC=0.853) for the Total Cohort
and excellent for the Good Image Cohort (ICC=0.918), with
no significant difference based on the 95% confidence inter-
val (CI). For the DCP, repeatability of the VD measurement
was moderate for the Total Cohort (ICC=0.665) and the
Good Image Cohort (ICC=0.637). For cDCP, the repeatabil-
ity of VD measurement was poor for the Total Cohort
(ICC=0.419) and significantly improved in the Good Image
Cohort (ICC=0.759) based on 95% CI. For the cICP, repeat-
ability for the Total Cohort and the Good Image Cohort were
both moderate (ICC=0.662 and 0.772, respectively).

For the 6x6 mm OCTA scans, the repeatability of overall
ETDRS SCP VD measurement was moderate for the Total
Cohort (ICC=0.651) and significantly improved to excellent
for the Good Image Cohort (ICC=0.929) based on the 95% CI.
For the DCP and ¢cDCP, the repeatability was moderate for the
Total Cohort (ICC=0.697 and 0.744, respectively) and not
improved in the Good Image Cohort (ICC=0.697 and 0.609,
respectively). For cICP, repeatability was good (ICC=0.820)
for the Total Cohort and moderate for the Good Image Cohort
(ICC=0.689), with no significant difference.

For the Good Image Cohort, repeatability of VD mea-
surement was evaluated for the regions within the ETDRS
map including the fovea, 3 mm inner ring, and 6 mm outer
ring for 6x6 mm scans (Table 2). All analyzed regions of
both size scans had good-to-excellent repeatability of VD
measurement for the SCP (ICC range=0.863-0.929)
except for the 6 mm outer ring which had moderate
repeatability (ICC=0.666). Repeatability of DCP was also
good-to-excellent for both size scans (ICC range=0.703—
0.927) and similar to that for SCP. Repeatability of cDCP
was moderate for all regions of the 3x3 mm scan
(ICC=0.699-0.720) and moderate-to-poor for the 6x6
mm scan (ICC=0.0405-0.529), with the 6 mm outer ring
showing poor repeatability (ICC=0.405). For cICP, repeat-
ability was good using the 3x3 mm scan and trended lower
to moderate for the 6x6 mm scans (ICC=0.508-0.737), the
difference only being significant for the fovea. Variability
was low overall with CV <10% in all categories except for
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Table I Demographics and Clinical Characteristics of the Good Image Cohorts for Each Scan Size and Total Cohort. P-value Shown

Compares the Total Cohort to the Good Image Cohort

3x3 mm OCTA (n=54 Eyes)

6x6 mm OCTA (n=47 Eyes)

Total Cohort (n=86
Eyes)

Patients 34 32 45
Mean Age (years, range) 58.2 (19.6-86.7) 55.8 (19.6-86.7) 59.8 (19.6-86.7)
Female (%) 20 (59%) 23 (72%) 25 (56%)
Pathology (eyes)
Normal 8 7 13
Vasculopathy 31 25 54
Diabetes 21 16 36
Vascular occlusion 7 7 12
Other 3 2 6
Optic neuropathy 15 15 21
Papilledema 10 10 10
Optic atrophy 5 5 I

Mean visual acuity [logMAR1SD,
(range)]

Normal

Vasculopathy without CME

Vasculopathy with CME

Optic Neuropathy

0.2240.26 (0-1.3) (n=54)
(P=0.33)

0.08£0.09 (0-0.2) (n=8)
(P=0.47)

0.23%0.23 (0-1.0) (n=15)
(P=0.24)

0.35£0.33 (0-1.3) (n=16)
(P=0.93)

0.16£0.21 (0-0.6) (n=15)
(P=0.86)

0.20£0.22 (0—1.0) (n=47)
(P=0.15)
0.11£0.23 (0-0.3) (n=7) (P=0.93)

0.26+0.25 (0—1.3) (n=13)
(P=0.41)

0.240.16 (0-0.55) (n=12)
(P=0.20)

0.15+0.19 (0-0.6) (n=15)
(P=0.99)

0.27+0.27 (0—1.3) (n=88)

0.11£0.10 (0-0.3) (n=13)

0.35+0.32 (0—1.3) (n=25)

0.34+0.27 (0—1.3) (n=29)

0.16+0.20 (0-0.6) (n=21)

Normal
Vasculopathy without CME
Vasculopathy with CME

Mean central macular thickness (um)

286.41%57.06 (n=39) (P=0.81)
251.71+23.27 (n=8) (P=0.89)
280.67+43 (n=15) (P=0.36)
311.4769.77 (n=16) (P=0.72)

278.63+42.85 (n=32) (P=0.39)
254.83+23.24 (n=7) (P=0.88)
282.0050 (n=13) (P=0.44)
292.92+34 (n=12) (P=0.65)

289.26+63.23 (n=68)
253.2021 51 (n=10)
298.72+66.6 (n=22)

302.96+72.33 (n=25)

Abbreviations: CME, cystoid macular edema; OCTA, optical coherence tomography angiography.

the fovea for the cDCP on both size scans (CV 12.7% and
14.3%, respectively).

Effect of CME and Retinal Vasculopathy

In order to determine whether the presence of CME affected
the repeatability of VD measurements on OCTA, ICC was
calculated for the subset of eyes with CME and compared to
eyes without CME among eyes in the Good Image Cohort
(Table 3). The eyes without CME included normal eyes and
eyes with optic neuropathy or retinal vasculopathy. These
eyes had good-to-excellent repeatability for SCP and DCP
for both the 3x3 mm and 6x6 mm scans (ICC=0.783—
0.953). For the cDCP and cICP, repeatability was lower,
in the moderate/good range (0.613—-0.877) except for the
6x6 mm scan overall ETDRS (ICC=0.492 for cDCP;
ICC=0.338 for cICP) and 6 mm outer ring for cICP
(ICC=0.416), which showed poor repeatability.

For eyes with CME, repeatability of VD measurement
for SCP was good-to-excellent overall for 3x3 mm and 6x6
mm scans except for the 6 mm outer ring which had poor
repeatability (ICC=0.257). Repeatability for DCP was good
for all regions of both size scans (ICC range=0.75-0.93)
except for poor repeatability noted for the 3x3 mm scan
overall ETDRS (ICC=0.188) and 6x6 mm scan of fovea
(ICC=0.399). For ¢cDCP and cICP, repeatability was good-
to-moderate for the 3x3 mm scan (ICC=0.944— 0.746)
except for the overall ETDRS which had poor repeatability
(ICC=0.342). For the 6x6 mm scan, repeatability was poor
(ICC=0.451-0.058) for all regions but moderate for the
overall ETDRS (ICC=0.574 for cDCP; ICC=0.774 for
cICP). When compared to eyes without CME, the repeat-
ability of VD of c¢cDCP of the fovea was significantly
reduced in eyes with CME (based on the 95% CI).

Clinical Ophthalmology 2021:15
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Table 2 Repeatability of Vascular Density Measurement for the Total Cohort (A, All Enrolled Eyes) and for the Good Image Cohort
(B, Subset of Eyes with OCTA Signal Strength 26) for the 3x3 mm and é6x6 mm OCTA Scans

A. Repeatability of Vascular Density Measurement for all Enrolled Eyes

3x3 mm (n=86) CV, Mean (SD)% ICC (95% CI)
SCP DCP cDCP cICP SCP DCP cDCP cICP
ETDRS 6.0 (5.5) 9.2 (2.6) 13.6 (27.0) 9.0 0.853 0.665 0.419 0.662
(9.5) (0.751-0.902) (0.529-0.768) (0.229-0.579) (0.522-0.767)
6x6 mm (n=86) CV, Mean (SD)% ICC (95% ClI)
SCP DCP cDCP clCP SCP DCP cDCP clCP
ETDRS 6.4 (15.4) 7.5 (15.7) 12.3 (25.6) 6.4 0.651 0.697 0.744 0.820
(10.9) (0.511-0.758) (0.570-0.792) (0.633-0.826) (0.736-0.878)
B. Repeatability of Vascular Density Measurement for Eyes with OCTA Signal Strength >6
3x3 mm (n=54) CV, Mean (SD)% ICC (95% CI)
SCP DCP cDCP cICP SCP DCP cDCP cICP
ETDRS 3.6 (2.7) 33 3.1 9.8 (19.9) 6.8 0918 0.637 0.759 0.772
(6.2) (0.862-0.952) (0.448-0.772) (0.617-0.854) (0.603-0.873)
Fovea 10.0 (8.9) 6.3 (9.1) 12.7 (10.5) 79 0.897 0.892 0.720 0.843
(7.0) (0.829-0.939) (0.820-0.936) (0.561-0.827) (0.719-0.914)
3 mm inner ring 3.6 (2.6) 3.53.5) 6.7 6.9 0.921 0.877 0.699 0.772
(6.6) (6.2) (0.867-0.954) (0.796-0.927) (0.531-0.851) (0.609-0.871)
FAZ size 12 31) 0.935 (0.891-0.962)
6x6 mm (n=47) CV, Mean (SD)% ICC (95% CI)
SCP DCP cDCP cICP SCP DCP cDCP cICP
ETDRS 32(27) 3.6 (3.0 4.8 5.6 0.929 0.697 0.609 0.689
(5.6) (54) (0.875-0.960) (0.514-0.819) (0.380-0.767) (0.489-0.820)
Fovea 10.3 (8.7) 7.9 (10.0) 14.3 (15.6) 10.4 0.863 0.752 0416 0.508
(12.9) (0.800-0.933) (0.595-0.854) (0.149-0.626) (0.241-0.702)
3 mm inner ring 3.7 (2.8) 26 (22) 5.1 6.4 0.929 0.927 0.529 0.549
(7.0) (6.6) (0.876-0.960) (0.873-0.959) (0.288-0.707) (0.295-0.730)
6 mm outer ring 64 (203) | 42 (3.7) 7.9 (20.6) 54 0.666 0.703 0.405 0.737
(54) (0.471-0.799) (0.523-0.823) (0.136-618) (0.559-0.850)
FAZ size 9.6 (15) 0.921 (0.862-0.956)

Abbreviations: CV, coefficient of variation; ICC, intraclass coefficient; SCP, superficial capillary plexus; DCP, deep capillary plexus; cDCP, custom-segmented deep capillary
plexus; FAZ, foveal avascular zone; cICP, custom-segmented intermediate capillary plexus; ETDRS, early treatment of diabetic retinopathy study macular region 6 mm

diameter centered in fovea.

Variability was also high for the fovea for cDCP and cICP
and the 6 mm outer ring of cDCP (CV=18.1-25.6).

To assess if the presence of retinal vasculopathy
affected VD repeatability, the ICC was calculated for the
subset of eyes with vasculopathy without CME (Table 3).
The repeatability of the SCP and DCP was good-to-excel-
lent in all regions of the 3x3 mm and 6x6 mm scans (ICC

range=0.909-0.947 for SCP; 0.793-0.940 for DCP). For
the cDCP and cICP, repeatability using the 3x3 mm scan
was also good-to-excellent (ICC=0.581-0.933). However,
for the 6x6 mm scan, repeatability was poor for all regions
(ICC=0.147-0.499) except for the 3 mm inner ring which
had moderate repeatability (ICC=0.701). When compared
to repeatability of VD of 3x3 mm scans of ¢cDCP, the
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Table 3 Repeatability of Macular Vascular Density Measurement Obtained Using OCTA for Eyes with and without CME or Retinal
Vasculopathy. (A) 3x3 mm OCTA Scans. (B) 6x6 mm OCTA Scans

A. Repeatability of Macular Vascular Density Measurement for 3x3 mm OCTA Scans

3x3 mm Scan CME (n=16) No CME (n=38) Vasculopathy without CME (n=15)
CV, Mean (SD)% IcC CV, Mean (SD)% IcC CV, Mean (SD)% ICC
(95% CI) (95% CI) (95% ClI)
SCP
ETDRS 4.5 (3.3) 0.883 33 0.902 34 0.909
(0.687-0.959) 24) (0.820-0.948) (2.6) (0.752-0.969)
Fovea 11.5(7.2) 0.885 9.4 0.908 10.2 0914
(0.702-0.958) (9.5) (0.831-0.951) (9.6) (0.764-0.970)
3 mm inner ring 4.1 (2.8) 0.903 33 0.899 34 0912
(0.737-0.966) (2.5) (0.815-0.946) (2.6) (0.758-0.969)
DCP
ETDRS 4.0 (4.1) 0.188 3.0 0.806 32 0.858
(-0.323-0.615) (2.6) (0.657-0.894) 2.7) (0.630-0.950)
Fovea 9.9 (15.7) 0.747 48 0.953 6.2 0.940
(0.414-0.904) 2.9) (0.912-0.976) (34 (0.832-0.980)
3 mm inner ring 4.5 (4.6) 0.804 3.1 0.783 32 0.843
(0.511-0.930) 2.9 (0.620-0.881) (3.1) (0.595-0.944)
cDCP
ETDRS 13.4 (35.6) 0.342 82 0.877 6.8 0.933
(-0.187-0.717) (7.4) (0.776-0.934) (5.1) (0.814-0.977)
Fovea 10.7 (7.2) 0.840 13.5 0.613 14.5 (12.7) 0.581
(0.600-0.941) (1.7) (0.369-0.779) (0.118-0.837)
3 mm inner ring 43 (39 0.836 7.6 0.666 6.4 0.772
(0.580-0.942) (7.2) (0.443-0.811) 4.9) (0.446-0.917)
cICP
ETDRS 5.7 0.746 72 0.777 57 0.857
(32) (0.316-0.920) 7.1 (0.525-0.895) (5.9) (0.488-0.969)
Fovea 3.6 0.944 9.6 0.800 9.8 0.883
(3.8) (0.825-0.983) (7.3) (0.608-0.901) (5.3) (0.516-0.976)
3 mm inner ring 6.1 0.749 7.3 0.771 6.3 0.827
(3.5) (0.322-0.921) 7.1) (0.537-0.889) (6.4) (0.399-0.962)
FAZ size 242 (48.2) 0.958 7.5 0.884 152 (31.2) 0.800
(0.885-0.985) (20.4) (0.787-0.938) (0.502-0.928)

B. Repeatability of Macular Vascular Density Measurement for 6x6 mm OCTA Scans

6x6 mm Scan CME (n=12) No CME (n=35) Vasculopathy without CME (n=13)
CV, Mean (SD)% | ICC CV, Mean (SD)% | ICC CV, Mean (SD)% | ICC

(95% CI) (95% CI) (95% CI)

SCP

ETDRS 44 (29) 0.837 2.8 0.936 28 0.947
(0.503-0.953) (2.5) (0.877-0.967) (1.6) (0.836-0.984)

(Continued)
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Table 3 (Continued).

B. Repeatability of Macular Vascular Density Measurement for 6x6 mm OCTA Scans
6x6 mm Scan CME (n=12) No CME (n=35) Vasculopathy without CME (n=13)
CV, Mean (SD)% | ICC CV, Mean (SD)% | ICC CV, Mean (SD)% | ICC
(95% ClI) (95% CI) (95% CI)
Fovea 16.1 (8.0) 0.723 84 0.937 9.1 0.939
(0.282-0.911) 82) (0.878-0.968) (5.2) (0.812-0.981)
3 mm inner ring 4.5 (2.9) 0.859 34 0.923 43 0.914
(0.584-0.957) 2.7) (0.852-0.960) (2.6) (0.744-0.973)
6 mm outer ring 16.1 (39.6) 0.257 3.1 0.925 33 0917
(-0.345-0.709) (2.8) (0.857-0.961) .1 (0.752-0.974)
DCP
ETDRS 35 2.10) 0.928 36 0.844 4.9 0.822
(0.757-0.980) (3.3) (0.712-0.918) 4.1) (0.514-0.942
Fovea 15.6 (16.6) 0.399 5.3 0916 7.1 0.837
(—0.198-0.780) (4.5) (0.841-0.957) (5.7) (0.551-0.947)
3 mm inner ring 3.6 (2.3) 0.902 23 0.900 29 0.898
(0.697-0.971) .1 (0.810-0.948) (2.6) (0.699-0.968)
6 mm outer ring | 3.7 (2.3) 0912 45 0816 5.6 0.793
(0.709-0.976) “4.1) (0.665-0.902) (3.5) (0.452-0.932)
cDCP
ETDRS 7.3 (99) 0.574 4.1 0.492 38 0.427
(-0.430-0.874) (34 (0.183-0.712) (3.5) (—0.198-0.805)
Fovea 25.6 (22.3) 0.058 10.4 0.736 12.5 (11.4) 0.499
(-0.511-0.592) (10.4) (0.5537-0.857) (-0.046-0.815)
3 mm inner ring 7.6 (12.9) 0.400 42 0.624 34 0.701
(-0.197-0.780) (3.0 (0.371-0.791 (2.3) (0.269-0.898)
6 mm outer ring 18.3 (39.6) 0.216 43 0.509 4.1 0.483
(—0.383-0.687) (3.6) (0.216-0.718) 4.1) (—0.67-0.808)
clCP
ETDRS 5.9 0.774 5.5 0.338 6.7 0.493
(6.2) (0.376-0.933) (5.1 (-0.002-0.611) (7.0) (-0.097-0.850)
Fovea 18.1 0.256 7.7 0.735 12.4 0.147
(22.2) (—0.406-0.730) (5.9) (0.517-0.863) 7.7) (-0.231-0.640)
3 mm inner ring 9.6 0.451 52 0.566 6.6 0.525
(1o.1) (-0.074-0.806) (4.6) (0.276-0.763) (5.3) (-0.055-0.861)
6 mm outer ring | 6.5 0.769 5.1 0416 73 0.430
6.1) (0.332-0.937) (5.2) (0.095-0.663) (8.0) (-0.135-0.822)
FAZ size 19.1 (25.0) 0.895 (0.677-0.969) | 6.5 (7.3) 0.957 (0.916-0.978) | 7.8 (8.0) 0.935 (0.792-0.981)

Abbreviations: CV, coefficient of variation; ICC, intraclass coefficient; SCP, superficial capillary plexus; DCP, deep capillary plexus; cDCP, custom-segmented deep capillary
plexus; FAZ, foveal avascular zone, cICP, custom-segmented intermediate capillary plexus; CME, cystoid macular edema; ETDRS, early treatment of diabetic retinopathy
study macular region 6 mm diameter centered in the fovea.
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difference was statistically significant for the overall
ETDRS based on 95% CI.

Foveal Avascular Zone

The repeatability of FAZ measurement obtained using
OCTA software was calculated (Tables 2 and 3). It was
excellent for both 3x3 mm and 6x6 mm scans
(ICC=0.935-0.921, respectively). The presence of CME
did not affect the repeatability of the FAZ size measure-
ment (ICC=0.958 and 0.895 for 3x3 mm scan and 6x6 mm
scan, respectively), but the variability in FAZ measure-
ment was on the high side among these eyes with CME
(CV=24.2% for the 3x3 mm scan; CV=19.1% for the 6x6
mm scan). In eyes with retinal vasculopathy but no CME,
the FAZ size measurements had good repeatability (0.793—
0.800 for both size scans).

Discussion
This OCTA
(Optovue) with the latest software to compare the repeat-

study used a commercial instrument
ability of VD measurement for the three retinal plexus
layers (SCP, cICP, and ¢cDCP) and assess the impact of
OCTA image quality and presence of macular edema and
retinal vasculopathy on repeatability of these VD measure-
ments. The study findings are important since changes in
VD of ¢DCP and cICP using OCTA have been correlated
with vision loss and progression of retinopathy in eyes
with diabetic retinopathy.>'> Furthermore, various studies
have demonstrated that early vascular changes in retinal
vascular disease likely occur in deeper plexus layers.>* =
Thus, it would be important to know whether the VD of
these deep, thin plexus layers within the retina can be
measured accurately and reliably using a commercial
OCTA instrument.

The repeatability of VD measurement for ¢cICP and
c¢DCP had not been studied previously. Most prior studies
on repeatability of OCTA VD measurement were limited
to the analysis of the SCP due to concerns about project
artifacts in the deeper layers.''"'®2° These prior studies
consistently showed high repeatability of VD measure-
ment of the SCP. Among diabetic patients, SCP VD mea-
surement repeatability was high within a session and
between visits 1 month apart.?’ For the DCP somewhat
variable results were reported depending on the type of
OCTA device used. A study showed good repeatability of
VD measurement in DCP in normal eyes using a Nidek
RS-3000 OCTA instrument.” A study using Optovue
OCTA showed that repeatability of the VD measurement

of DCP in healthy eyes could be improved using the eye
tracking option available in the machine for the second
scan.'” Yet another study used three different OCTA
instruments to show that repeatability of VD measurement
was good for the SCP but not DCP among machines made
by different vendors.*>

In our current study, we used the latest OCTA software
that corrects for projection artifacts to evaluate the repeat-
ability of VD measurement for the three retinal capillary
plexus layers (SCP, cICP, and ¢cDCP). We found that VD
repeatability varies somewhat with the size and quality of
the OCTA scan, the capillary plexus layer imaged, and the
presence of macular edema and/or retinal vasculopathy.
We found that a smaller 3x3 mm OCTA scan tended to
have higher repeatability of VD measurement when com-
pared to a larger 6x6 mm scan. This is likely due to higher
image resolution of the smaller OCTA scan. A similar
observation was noted previously for SCP in normal eyes.-
"' 'We also noted that the subgroup of eyes with good
OCTA images showed a somewhat higher repeatability
of VD measurement. This difference was statistically sig-
nificant for the cDCP of the 3x3 mm scan and the SCP for
the 6x6 mm scan (Table 2). A similar finding was reported
previously for the VD measurement of SCP in normal
eyes.”’ The most noteworthy finding of our study is that
repeatability of VD measurement varied depending on the
depth and thickness of the retinal vascular plexus layers
with the SCP tending to have highest repeatability of VD
measurement when compared to that for the DCP, cDCP,
and cICP. This observation may be due to the smaller size
and density of vessels in the deeper plexus layers and the
narrower band of retina represented by the cDCP and cICP
compared to the SCP (Figure 1). Consistent with this
hypothesis, a prior study of SCP in normal eyes showed
that the average VD of the layer affected repeatability of
the VD measurement.”! However, they did not evaluate
factors affecting repeatability of the deeper plexus layers.

In eyes with CME, we found that the repeatability of
VD measurement of cDCP and cICP was poor, particularly
for the fovea using the 6x6 mm scan (Table 3). This is
likely due to increased disruption of the retinal vascular
layer from CME within the thin segment of ¢cDCP and
cICP. The presence of CME also can result in errors in
segmentation, although this was minimized in our study by
manually correcting any segmentation errors seen before
VD data collection. The repeatability of the VD measure-
ment for the thicker SCP and DCP also was somewhat
reduced in eyes with CME for the larger 6x6 mm OCTA
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scans but to a lesser extent. A recent study in eyes with
retinal vein occlusion also showed some reduction in
repeatability of VD measurement with increasing macular
thickness, but this study was limited to SCP and did not
evaluate the deeper plexus layers.?

To evaluate the effect of retinal vasculopathy on repeat-
ability of VD measurement, we evaluated the ICC of the
subset of eyes with retinal vasculopathy without CME.
Repeatability of VD measurement for SCP and DCP was
high, but the repeatability of VD measurement for the cDCP
and cICP was reduced using the 6x6 mm OCTA scan but not
as severely reduced as that noted among eyes with CME.
This is not surprising since all eyes with CME in our study
also had retinal vasculopathy. In our study eyes with CME,
the structural changes within the retina resulting from retinal
vasculopathy as well as CME likely both contributed to
reduced repeatability of VD measurement for the cDCP
and cICP. In eyes with retinal vasculopathy, macular ische-
mia resulting in reduced visual acuity and reduced retinal
VD, may contribute to the reduced repeatability of VD
measurement.”” Based on our study observations, we recom-
mend using the higher image quality 3x3 mm OCTA scan in
eyes with retinal vasculopathy and/or CME for more accurate
and reliable VD measurement of the cDCP and cICP.

Our study has some limitations. First, our sample size was
limited and included eyes with various pathologies. The size
was further reduced for subset analysis to study the impact of
image quality, retinal vasculopathy, and macular edema on
repeatability. Therefore, the study may not be powered to
detect more subtle differences among study subgroups.
Nonetheless, we identified several factors that were associated
with significant reduction in repeatability of the VD measure-
ment for the thinner cDCP and cICP when compared to SCP
or DCP. Second, the pathology in our study eyes was limited to
retinal vasculopathy or optic disc pathology. The impact of
other retinal pathologies on repeatability of VD measurement
for the three retinal plexus layers remains unknown. Next, our
study did not explore the impact of eye-tracking on repeat-
ability of VD measurement. A prior study showed improved
repeatability of the VD measurement of the DCP in normal
eyes when eye-tracking was turned on using this OCTA
machine.'® Thus, it is possible that the VD repeatability for
the cICP and cDCP in eyes retinal vasculopathy and/or CME
may be improved using this feature for follow-up imaging.
Finally, the study used the latest OCTA software, but the
OCTA software development and refinement continue. Thus,
a future OCTA software may provide further improvement in
repeatability of VD measurements.

Conclusions

Although repeatability of VD measurement using OCTA
for SCP and DCP is high in normal and pathologic eyes,
repeatability for ¢cDCP and cICP is poor using larger
OCTA scans, especially in eyes with retinal vasculopathy
and/or CME. The study highlights the limitations for VD
measurement of the deeper, thinner plexus layers using the
current commercial OCTA system. As OCTA software
continues to improve, future studies may shed light on
whether repeatability of VD measurement of the deeper
retinal plexus layers can be improved for eyes with retinal
pathology.
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