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Abstract

Purpose—Optical coherence tomography angiography (OCT-A) is a non-invasive technology
that allows visualization of retinal blood vessels. It is important to determine reproducibility of
measurements as low precision can impair its diagnostic capabilities. The purpose of this study is
to determine intra-visit and inter-visit reproducibility of optic nerve head (ONH) and macular
vessel density measurements with OCT-A.
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Patients and Methods—Fifteen healthy volunteers and fourteen glaucoma patients completed
two OCT-A (AngioVue; Optovue Inc.) scanning sessions on each of two separate days to assess
intra-visit and inter-visit reproducibility. A series of ONH and macula scans were acquired at each
session. Vessel density (%), the proportion of vessel area over the total measurement area was
calculated. Reproducibility was summarized using coefficients of variation (CV) and intra-class
correlation coefficients (ICC) calculated from variance component models.

Results—In healthy eyes, the CV of intra- and inter-visit global vessel density measures ranged
from 1.8%-3.2% in ONH scans and 2.5%-9.0% in macular scans. In glaucoma eyes, the CV of
intra- and inter-visit global vessel density measures ranged from 2.3%-4.1% in ONH scans and
3.2%—7.9% in macular scans. CVs were lower for global than sectorial measures. Global OCT-A
ONH ICC measurements for the retinal nerve fiber layer (RNFL) in healthy eyes were lower
(range: 0.65-0.85) than in glaucoma eyes (range: 0.89-0.94). Scan size did not make large
differences in measurement CVs.

Conclusions—Reproducibility of OCT-A ONH and macula vessel density measurements is
good. Moreover, glaucoma patients have sparser vessel density with poorer reproducibility than
healthy subjects.

Keywords

OCT Angiography; OCT-A, reproducibility; vessel density; coefficient of variation; intra-class
correlation

INTRODUCTION

Several imaging modalities have been developed for the diagnosis and monitoring of
glaucoma and retinal diseases. Spectral domain Optical Coherence Tomography (OCT),
used routinely for glaucoma management, provides non-invasive in-vivo imaging and
quantitative measures of retinal structures, including the retinal nerve fiber layer (RNFL)
and the ganglion cell complex (GCC).1 However, the pathophysiologic mechanism(s) of
glaucoma are unclear and continue to be debated.

One proposed theory is that the regulation of blood flow to the optic nerve head (ONH)? is
altered in glaucoma. Several technologies have been employed to assess this hypothesis.
Fluorescein angiography enables improved visualization of the retinal capillaries, allowing
evaluation of the nearly transparent retinal structural circulation.3 Indocyanine green
angiography, a complementary imaging technology, allows for visualization of the choroidal
vasculature.* Both of these imaging methods typically require the use of an intravenous
injection of a dye. These injections are associated with a variety of complications.?

OCT Angiography (OCT-A) is a new modality designed to capture the dynamic motion of
erythrocytes by taking 2 sequential cross-sectional scans, which are repeated at the same
retinal location. It is a noninvasive and dyeless technology for visualizing the vascular
structures of the retina using an amplitude-based method and allowing a 3D visualization of
the perfused vasculature and microvasculature of the retina.3* Moreover, this modality may
provide important information on the role retinal vasculature in the pathogenesis of
glaucoma.
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Before an instrument is introduced into clinical practice, it is important to determine the
reproducibility of its measurements because low precision in measurements can impair its
diagnostic capabilities. Although there have been a few studies that have reported OCT-A
vessel density reproducibility results in glaucoma patients,5-10 they did not compare
reproducibility of different fields of view or different measurement areas.

The aim of this study was to assess intra-visit and inter-visit reproducibility of ONH and
macular vessel density measures with OCT-A in healthy and glaucoma eyes and to compare
the reproducibility of various scan settings and measurement areas.

MATERIALS AND METHODS

Participants

Healthy volunteers and glaucoma patients were recruited from the longitudinal Diagnostic
Innovations in Glaucoma Study (DIGS)11-13 at one of their scheduled research visits.
Informed consent was obtained from each participant. The University of California San
Diego Human Subjects Committee, approved the protocol and the methodology adheres to
the tenets of the Declaration of Helsinki.

All subjects had open angles, a best-corrected visual acuity of 20/40 or better, and a
refraction of less than 5.0 diopters sphere and 3.0 diopters cylinder. Healthy subjects were
defined as individuals without clinical signs of retinal or glaucomatous pathologies based on
dilated clinical examination. Glaucoma patients were defined as individuals who have
glaucomatous-looking discs on dilated eye exam with at least 2 consecutive, reliable
(fixation losses and false negatives <33% and <15% false positives) and repeatable abnormal
visual field (VF) tests using the 24-2 Swedish Interactive Thresholding Algorithm (SITA)
with either a Pattern Standard Deviation (PSD) outside the 95% normal limits or a
Glaucoma Hemifield Test (GHT) result outside the 99% normal limits.

Optical Coherence Tomography Angiography Vessel Density

The Avanti AngioVue (Optovue Inc.)1415 OCT imaging system uses the Split-Spectrum
Amplitude-Decorrelation Angiography (SSADA) algorithm to capture the dynamic motion
(predominantly of erythrocytes) and provides a high-resolution 3D visualization of perfused
retinal vasculature.81016-21 The AngioVue system automatically analyzes the SSADA
image to derive a binary vessel image using a proprietary algorithm. OCT-A does not
directly measure blood flow velocity; rather vessels are identified based on the presence or
absence of detected motion (i.e., blood flow).

The AngioVue characterizes vascular information at various user-defined retinal layers as a
vessel density map and quantitatively as vessel density (%), which is the proportion of vessel
area over the total area measured (Figure 1 ONH; Figure 2 Macula). Vessel density is
measured by incorporating motion contrast imaging in order to identify vessels as the
percentage area occupied by vessels in the total segmented area.1°

Two ONH cube scans, one at 3mm x 3mm and a second at 4.5mm x 4.5mm field of view
were acquired. Similarly, macula cube scans at two fields of view were acquired, one at
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3mm x 3mm and a second at 6.0mm x 6.0mm. Technicians were instructed to review scans
for blinks, eye movements, signal strength, etc. and, when necessary, to retake scans until a
good quality scan was acquired.

For this report, we analyzed the reproducibility of the ONH cube scan vessel density at the
retinal nerve fiber layer to measure the radial peripapillary capillaries (RPC).
Reproducibility at the RNFL was evaluated to measure the RPC, which have been suggested
as having a role in the pathophysiology of glaucoma.22223

In addition, we analyzed the reproducibility of the whole image vessel density (wiVD) and
vessel density in the circumpapillary retina (cpVD), defined as a 750-um-wide elliptical
annulus extending from the optic disc boundary. The global and six Garway-Heath based
sectors?4 of the circumpapillary area were included in the analysis. For the macula scans,
vessel density measures from the ILM to the posterior boundary of the Inner Plexiform
Layer (IPL) were analyzed.

Image quality review was completed on all scans. The Signal Strength Index (SSI) is based
entirely on structural OCT intensity signal (and does not rely on the SSADA algorithm), and
is a quantitative measure for image quality ranging from 1 (poor) to 100 (good). Scans were
included if they had a SSI > 46 and met quality criteria based on the standardized protocol
established by the Shiley Eye Institute Imaging Data Evaluation and Analysis (IDEA)
Reading Center. Scans that were of poor image quality due to motion, blur, and dense
floaters, were excluded.

Optical Coherence Tomography RNFL thickness and ganglion cell complex

All subjects also underwent optic nerve head and macula imaging with the (Avanti; Optovue,
Inc., Fremont, CA) Spectral Domain (SD-OCT) system. The optic nerve head (ONH) map
protocol was used to obtain RNFL thickness measurements. RNFL measurements were
calculated in a 10 pixel-wide band along a circle of 3.45 mm in diameter centered on the
ONH. The overall average RNFL thickness was used in this analysis. The macular protocol
was used to obtain GCC measurements, which consist of the ganglion cell layer, IPL and
RNFL. GCC measurements were measured 0.5mm from the fovea with a circular annulus
that excludes the foveal region between 1mm to 3mm in diameter for 6mm x 6mm scans,
and between 1mm to 2.5mm for 3mm x 3mm scans (figures 1 and 2). Only good-quality
images were included.

Testing Protocol

One randomly selected eye from each participant was scanned twice at both the first and
second visit. At each visit, the subject was asked to retract from the chinrest after the first set
of scans and then reposition for the second set of scans. The second visit took place
approximately 2 weeks after the first visit. OCT-A ONH and macula scans were acquired
with 2 different fields of view. SD-OCT macula and ONH scans also were acquired to obtain
measurements of RNFL and GCC thickness (Table 1). ONH 3D images were acquired on
the first visit for automated delineation of the disc margin, which was then used to outline
the ONH margins to calculate subsequent ONH OCT-A measurements.

J Glaucoma. Author manuscript; available in PMC 2018 October 01.
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Statistical Analysis

RESULTS

Patients with good quality scans on at least 2 visits were included in the analysis. Intra-visit
and inter-visit reproducibility were summarized as coefficients of variation (CV) and intra-
class correlation coefficients (ICCs). Variance component models (a type of random effects
model)2526 were used to calculate the intra-visit and inter-visit variability of the healthy and
patient groups for each measurement. Models were fitted with the measurement as a
response with random effects for patient and visit to account for the inter-patient and
between-visit standard deviations (SD) respectively. This effectively decomposed the total
variance into 3 parts: a variance component due to visit, a component due to between-subject
variability, and a residual variance component due to random errors. The square root of the
residual variance (i.e. the remaining variability unexplained by the inter-eye and between-
visit variability), or the residual SD was defined to be the intra-visit SD; the variability that
would result from a single patient taking multiple tests in the same visit. The inter-visit SD
was defined to be the square root of the sum of the intra-visit variance and the between-visit
variance. Coefficients of variation (CV) were calculated by dividing the intra-visit and inter-
visit SDs by the mean value for each measurement. Confidence intervals for CVs were
calculated based on the theoretical distributions of CV statistics proposed by McKay,2728
while p-values comparing healthy and glaucoma reproducibility were calculated.?® Intra-
class Correlation Coefficients (ICC) were also calculated as a summary of the intra-visit and
inter-visit variability expressing the proportion of variance attributed to real differences
between subjects. The ICCs were calculated as the ratio of between subject variance to the
total variance by estimating the proportion of the total SD in measurements explained by
actual inter-eye measurement differences (i.e. the inter-eye SDs). Large ICCs (close to 1)
indicate that the fluctuations between repeat measurements are relatively small compared
within individual eyes.30 Statistical analysis was completed using the R® statistical
software.31

Fifteen eyes from 15 healthy individuals, and 14 eyes from 14 patients with glaucoma of
varying severity (mild to advanced stage glaucoma) were included (Table 1). The mean age
of glaucoma patients included in the study (74 £ 11 years) was higher than that of the
normal subjects (67 + 9 years), but this did not reach statistical significance (p=0.068) (Table
2). The mean global and sectoral ONH vessel density measures were significantly higher in
healthy eyes compared to glaucoma eyes (all p < 0.05, Table 3).

In general, the mean CVs of global ONH vessel density in the RNFL representing the intra-
visit and inter-visit reproducibility were less than 5% (Table 3, and Figures 3 and 4). The
intra-visit and inter-visit vessel density global CVs measured in the RNFL layer 4.5mm x
4.5mm scans were lower in healthy eyes compared to glaucoma eyes, but did not reach
statistical significance (Table 3). The CVs of global vessel density were lower than that of
sectorial measures. For most ONH measurements, ICC statistics showed that the test-retest
variability was lower than variability between patients. For example, 4.5 mm x 4.5 mm
ONH wiVD measurements intra-visit ICC statistics were as high as 0.75 (95% ClI: 0.65-
0.83) in the healthy cohort and 0.92 (95% CI: 0.85-0.96) in the glaucoma group. Glaucoma
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patients had higher ICCs than healthy subjects for many global categories, which reflects
that there was more between-subject variation than in healthy eyes due to a greater range of
measurements with increasing disease severity.

The intra-visit and inter-visit CVs of the global vessel density measurements in the
superficial layer of the macula scans were < 9% (Table 4, Figures 3 and 4). Specifically,
macula vessel density, including the 4 quadrants, had intra-visit CV ranging from 1.8-10.1%
and inter-visit CV of 2.1-13.0% for healthy subjects. Glaucoma patients had intra-visit CV
ranging from 3.5-6.2% and inter-visit CV ranging from 4.2-9.4%. CVs for 3mm x 3mm
scans were lower than 6mm x 6mm scans in both healthy subjects and glaucoma patients.
ICCs were lower for glaucoma patients than healthy subjects.

For comparison, we also evaluated the intra-visit and inter-visit reproducibility of SD- OCT
RNFL thickness and GCC thickness in these same eyes (Figures 3 and 4). The intra-visit and
inter-visit CV for both RNFL thickness and ganglion cell complex were low; CVs of the
global RNFL and GCC thickness were <4%, and the superior and inferior RNFL and GCC <
3.5% in both healthy and glaucoma eyes. Glaucoma eyes had slightly worse RNFL and GCC
reproducibility than healthy eyes (p <0.001). CVs for SD-OCT measurements were slightly
lower compared to CVs for OCT-A measurements. For example, for 3mm x 3mm scans in
healthy subjects, the intra-visit CV for average RNFL thickness was 1.1%, whereas the CV
for wiVD was 1.8% (p < 0.001), while inter-visit CV for average RNFL thickness was 1.5%
and wiVD CV was 2.7% (p < 0.001).

DISCUSSION

Assessment of reproducibility is critical for determining whether OCT-A instruments
provide consistent measurements for clinical management and reproducibility is particularly
important for determining whether OCT-A vessel density measures will be effective for
detecting change over time.32 In general, the OCT AngioVue intra-visit and inter-visit
reproducibility of ONH and macula vessel density measures were good; CVs were <5% and
9%, respectively for most global parameters measured, regardless of field of view.
Furthermore, the reproducibility of the global OCT-A vessel density measures was only
slightly worse than the reproducibility of the standard SD-OCT RNFL and GCC measures
that are the standard of care for clinical management of glaucoma patients. In addition,
whole image VF ICC statistics were high for ONH and macula scans (all ICCs = 71%),
especially in the glaucoma group (all ICCs = 89%). This is encouraging as this means that
most of the variation in vessel density measurements is due to differences among patients
rather than test-retest variability.

We found that 6mm x 6mm scans of the macula had worse reproducibility in healthy
patients than in glaucoma patients, particularly in the case of inter-visit reproducibility. On
further investigation, 2 of the oldest healthy subjects were found to have scans with poorer
reproducibility, which were attributed to floaters that were not dense enough to be excluded
from the analysis based on assessment by 2 graders; the floater did cover some of the
smaller vessels during one of the two visits. On repeating the analysis without those scans,
the CV dropped to 3.4% for macular wiVD and 5.8% for parafoveal vascular density (from
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6.1% and 9.0%, respectively). The 3mm x 3mm macula scans measured a smaller area,
which tended to miss these floaters.

The intra-visit and inter-visit reproducibility of OCT-A measures for vessel density in the
current study were similar to those from other studies; most had CV <5% in healthy
eyes.’~1033 None of the other studies however, compared vessel density reproducibility in
both the whole image and circumpapillary region in more than one field of view. Our study
did not show large, systematic differences in reproducibility between the scan sizes used in
ONH or the macula. Larger longitudinal studies are needed to assess the clinical utility of
monitoring vessel density in glaucoma patients, as well as which specific scans should be
acquired and which analyses should be implemented.

This study was unique as it compared the reproducibility of OCT-A parameters to standard
SD-OCT RNFL and GCC measures in the same eyes. Several prior studies have, however,
directly compared the reproducibility of OCT-A with other blood flow instruments and
found that intra-visit and inter-visit its reproducibility was generally much better than those
of Laser Doppler Flowmetry and Laser Speckle Flowgraphy (CV range: 7-84%).7-934-38
Our finding that OCT-A vessel density measurements in glaucoma patients tended to be less
reproducible than in healthy subjects is consistent with other studies showing that confocal
scanning laser ophthalmoscopy, scanning laser polarimetry, and spectral domain OCT
measurements were more reproducible in healthy eyes compared to glaucomatous eyes.”®
Our estimates of the intra-visit and inter-visit reproducibility estimates for RNFL and GCC
thickness measurements in the current study were also generally consistent with other
studies.253239-41 Moreover, the CVs for OCT-A vessel density measures were similar to
those of SD-OCT RNFL and GCC thickness.

The CV and ICC included in our study are both commonly used metrics of reproducibility.
Most studies tend to report either CV or ICC. We chose to report both to more completely
characterize the reproducibility of OCT-A vessel density measurements. However, it is worth
noting the advantages and limitations with both metrics. The CV is a variability estimate
scaled for the magnitude of the measurement. The CV is dependent on mean values so that
mean values close to zero often have very large CVs. The CVs that are based on very small
means should be interpreted with caution. On the other hand, ICC essentially measures the
ability of a measurement to distinguish between different subjects (i.e. how much does the
measurement vary as a result of true differences in measurements among subjects rather than
as a result of test variability). Given that in this study the CV indicates better reproducibility
in normal eyes compared with glaucoma eyes, it may be surprising that the ICC measures
are higher in the glaucoma eyes than the healthy eyes. Although, ICC is commonly regarded
as a surrogate measurement for reproducibility, one important caveat is that the distribution
of the measurements influences the ICC value; wider distributions of measurements have
higher ICC values because the ICC is the ratio of the between subjects variability to the total
variance.3042 Therefore, subjects with a larger range of values (e.g. glaucoma patients with a
wide range of disease severity and wide distribution of vessel density values) have larger
ICCs than subjects with a narrower distribution of values (e.g. vessel density measurements
in healthy eyes), even if the reproducibility is high in both groups. Therefore, comparisons
of ICCs between groups, such as healthy and glaucoma eyes may not be meaningful.
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There are several limitations to the current study. First, the reproducibility estimates may
represent a worst-case scenario as the instrument did not yet have the ability to register
baseline and follow-up scans. It is likely that registration between scans will improve the
reproducibility of the vessel density measures, particularly for the sectorial measurements.
Second, it is possible that there were some false detection of vessels. Some vessels may have
been missed and/or that some noise may have been detected and represented as a vessel
when none exist. Third, eye movements caused shearing of images from the scans, which
also duplicated parts of the images. The more severe the eye movement, the more sheared
the images; this then lead to increased vascular density. The image acquisition protocol was
designed to mimic how images are acquired in clinical practice, as well as to assess the
reproducibility of images that would be utilized in clinical decision-making. It is standard
clinical practice and the recommendation of OCT manufacturers for technicians to assess the
quality of acquired images, and retake images until a good quality scan is obtained. As poor-
quality images should not be used in clinical management decisions, particularly for
determining whether there is change over time, it was important to exclude these scans from
the reproducibility calculations. Despite this exclusion, the vast majority of participants had
complete data with at least one good quality scan available at each scanning session. Fourth,
our sample size was limited. However, sample sizes of studies that assess inter-visit
reproducibility are generally smaller than in the current study.#3-48 Uncertainty in our
estimates due to sample size is reflected in 95% confidence intervals provided for all our
estimates. Regardless of sample size, these intervals can be used to judge the precision of the
estimates; larger samples yield smaller confidence intervals, but should not theoretically
change the estimates. Lastly, glaucoma patients were older than the normal subjects
although this age difference was not statistically significant (p = 0.068). We did not find
evidence in our study that estimates of variability were associated with increasing age with
the 4.5mm x 4.5mm ONH vessel density scans, macular vessel density scans, as well as
RNFL and GCC thickness measures.

OCT-A is a new technology and there are currently no guidelines as to which specific scan
protocols, and fields of view or image area to analyze are best for clinical management of
glaucoma. Reproducibility of the measurements is one important consideration for
determining whether OCT-A has clinical utility in the management of glaucoma. For this
reason, we assessed the intra-visit and inter-visit reproducibility of two fields of view and
several image analysis options. In general, reproducibility was comparable to RNFL and
GCC thickness scans, regardless of the field of view. Other considerations, such as the
dynamic range, diagnostic accuracy and ability to detect change should also be evaluated
before determining whether specific OCT-A scan protocols and analysis options have
clinical utility for glaucoma management and whether they provide important information
on glaucomatous retinal vascular damage and change. Moreover, longitudinal studies with
OCT-A are needed to evaluate its potential role in glaucoma management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
4.5 mm x 4.5 mm Optic Nerve Head (ONH) Vessel Density Map of a Healthy (left) and a

Glaucoma Eye (right) illustrating the ONH microvasculature circumpapillary measurement
ring divided into the 6 Garway-Heath sectors. ONH vessel density is sparser in the glaucoma
eye than the healthy eye.
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Figure2.

IR

6mm x 6mm Macular Vessel Density Map of a Healthy (left) and a Glaucoma Eye (right)

illustrating the parafoveal measurement area. Macular vessel density is sparser in the
glaucoma eye compared to the eye.
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Figure 3.

Optical Coherence Tomography Angiography (OCT-A) of the Intra-visit Coefficient of

Variation (CV) of all scans. Error bars represent the standard of error of the mean.
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Figure 4.

Optical Coherence Tomography Angiography (OCT-A) of the Inter-visit Coefficient of
Variation (CV) of all scans. Error bars represent the standard error of the mean.
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Table 2
Patient Demographics
Healthy Glaucoma
(n=15) (n=14) p value
Gender . .
MaleFemale 1:14 9:5 0.002
Mean Age 67 (61 — 73) years 74 (69 — 79) years 0.068

SAP Mean Deviation  —0.23 (-0.95 - 0.49) dB

-3.37(9.66 - -3.09) dB  <0.001
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