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Abstract
Purpose: This work assesses the intrasession repeatability of capillary perfusion density (CPD) and capillary flux index (CFI)
measurements on peripapillary optical coherence tomography angiography (OCTA) in healthy eyes of older adults. Methods: In
this cross-sectional study, healthy volunteers aged 50 years or older underwent 4.5 � 4.5 mm OCTA imaging centered on the
optic nerve head using Zeiss Cirrus HD-5000 AngioPlex (Carl Zeiss Meditec). Two consecutive images were acquired in the same
eye during a single study session. CPD and CFI were assessed using AngioPlex Software (version 11.0.0.29946) for the radial
peripapillary capillary plexus (average over whole scan area) and 4 quadrants (superior, inferior, temporal, and nasal). CPD and
CFI repeatability was assessed by intraclass correlation (ICC), mean interocular differences using 2-tailed t test, and association
with age using generalized estimating equations. Results: A total of 150 images were acquired from 75 eyes of 47 patients. For
CPD, ICC results ranged from 0.7160 (nasal CPD) to 0.9218 (average CPD). For CFI, ICC results ranged from 0.6167 (temporal
CFI) to 0.8976 (inferior CFI). Temporal CFI was significantly different between right and left eyes of the same patient
(P¼ .03). CPD and CFI decreased with age in all analyses (average CPD b coefficient –0.00172, P < .001; average CFI b coefficient
�0.00278, P < .001). Conclusions: Moderate to good repeatability was observed for most peripapillary OCTA metrics; temporal
measurements were least repeatable for CPD and CFI. Peripapillary CPD and CFI decrease with age even beyond the fifth decade
in healthy older adults.
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Introduction

Optical coherence tomography angiography (OCTA) is

a noninvasive method of visualizing the retinal microvascula-

ture,1 giving insight into disease states such as glaucoma,2-4

diabetic retinopathy,5-7 and recently, neurodegenerative condi-

tions such as Alzheimer disease.8-10 However, OCTA image

interpretation is highly dependent on scan quality, and image

acquisition is susceptible to signal loss and motion artifact.11,12

An important focus of OCTA research is whether clinicians can

reasonably rely on OCTA measurements and to what extent

these parameters reflect clinical change rather than variation

inherent to the imaging modality. Studies have shown poor

reproducibility of OCTA measurements across different

devices, likely due to differences in image resolution, segmen-

tation algorithms, and additional features such as motion track-

ing across proprietary commercial imaging devices.13-15

For accurate clinical interpretation of OCTA results

between eyes of the same patient, it is important to understand

whether interocular symmetry exists in retinal vascular

parameters. A prior study showed moderate correlation

between parafoveal vessel area density between 2 eyes of the

same patient.16 However, another recent study that used

a swept-source OCTA device concluded that parafoveal ves-

sel density exhibits poor correlation between eyes of the same

individual.17 It is unclear how well the peripapillary micro-

vasculature is correlated between healthy eyes of the same

patient.

The retinal microvasculature exhibits characteristic changes

with age, and advanced retinal image analysis may eventually
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be useful for interpreting a person’s health status in comparison

with chronological age.18-20 In addition to its potential clinical

utility, understanding typical peripapillary OCTA changes with

increasing age will assist in generating normative OCTA data-

bases for clinical comparison. We hypothesize a slow decline

in peripapillary vessel density with increasing age, given the

decremental change in cerebral blood flow and retinal blood

flow with normal aging.21,22

In this study, we assess the retinal microvasculature using

a commercially available OCTA system in a consecutive series

of older individuals with healthy eyes to determine the intra-

session repeatability of peripapillary OCTA parameters, the

interocular symmetry of these values, and how these values

change with increasing age in normal older adults.

Methods

Patient Identification and Data Collection

Healthy individuals aged 50 years or older were enrolled from

the Duke Alzheimer’s Disease Prevention Registry of nonde-

mented community-dwelling volunteers. Individuals with type

2 diabetes, uncontrolled hypertension, glaucoma, or retinal

pathology were excluded. In addition, individuals with

Figure 1. (A) A 4.5 mm � 4.5 mm peripapillary optical coherence tomography angiography image of the right eye of a study participant is
shown. (B) A region of interest, comprising a 2.5-mm wide annulus centered on the optic nerve head with an inner diameter of 2 mm and an
outer diameter of 4.5 mm, was overlaid on the image. (C) The areas outside the outer diameter and within the inner diameter, including the
optic nerve head, were not included in the analysis. Quantification of the capillary perfusion density and capillary flux index was performed on
the 2.5-mm wide annulus. (D) The segmentation boundaries of the radial peripapillary capillary slab extended from the internal limiting
membrane to the outer boundary of the retinal nerve fiber layer. (E) A trace map assessing capillary perfusion density was applied within the
segmentation boundaries; the perfused vasculature is shown. (F) The flow overlay indicates flow data above the retinal pigment epithelium, and
dots indicate flow data below the retinal pigment epithelium. (G) A map of the capillary perfusion density measured as a percentage of the region
of interest is shown with its corresponding scale.
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refractive errors of þ6.0 diopters (D) or greater or –6.0 D were

excluded. All participants underwent testing for corrected

Early Treatment Diabetic Retinopathy Study visual acuity the

day of enrollment, and individuals with worse than 20/40 visual

acuity were excluded from analysis.

All participants underwent imaging by a single experienced

photographer with the Zeiss Cirrus HD-5000 Spectral-Domain

OCT with AngioPlex OCT Angiography (Carl Zeiss Meditec,

software version 11.0.0.29946), which uses motion tracking to

reduce motion artifact, has a scan rate of 68 000 A-scans per

second, and uses an optical microangiography algorithm for

analysis.23

For each participant, 4.5 � 4.5-mm OCTA images centered

on the optic disc were acquired twice in each eye (Figure 1).

The scan comprised 350 � 350 A-scans, spaced approximately

12.86 mm apart. Images were manually assessed by trained

study staff, and images with poor scan quality (less than 7/10

signal strength index), motion artifact, segmentation artifact, or

focal signal loss were excluded. Two metrics of vessel perfu-

sion—capillary perfusion density (CPD) and capillary flux

index (CFI)—were calculated using the Zeiss AngioPlex soft-

ware (version 11.0.0.29946) on en face images that were gen-

erated to determine the radial peripapillary capillary plexus,

which extended from the internal limiting membrane to the

outer boundary of the retinal nerve fiber layer (RNFL) (Figure

1D). A thresholding algorithm was applied to the en face

images to create a binary slab, and then a vessel skeleton map

was created with vessels linearized into 1-pixel width. CPD and

CFI values were generated by the device software, and the

numeric data were exported from the machine for statistical

analysis.

CPD (reported as a percentage) was defined as the sum of

white pixels, which represent the capillaries, in the vessel

skeleton map from the linearized OCTA signal divided by the

total number of pixels in the region of measurement. It repre-

sents the total area of perfused capillary microvasculature per

unit area in the region of measurement on the en face

images.24

CFI (reported as a unitless ratio) was defined as the total

area of the perfused vasculature per unit area in a region of

interest on the en face image that was weighted for normalized

flow intensity by the brightness of flow signal (Figure 1F) and

corrected for dimmer areas on the B-scan.25

Results were generated for CPD and CFI in the 4 quadrants

(superior, nasal, inferior, and temporal, which mirror the

quadrants used for RNFL quantitative analysis) and an aver-

age value over the whole scan area (ie, the CPD for the whole

annulus, not divided into quadrants) within a ring-shaped

region of interest. This region was a 2.5-mm wide annulus

centered on the optic nerve head, which had an inner diameter

of 2 mm and an outer diameter of 4.5 mm. The areas outside

the outer diameter and within the inner diameter, including

the optic nerve head, were not included in the analysis.26 The

areas occupied by peripapillary large vessels of more than 32-

mm width were not included so that only the capillary density

was calculated.

Statistical Analysis

Statistical analysis was completed in STATA software ver-

sion 15.1 (StataCorp). Intrasession repeatability was assessed

using a random-effects model for intraclass correlation (ICC)

analysis, which accounts for correlations among observations

(ie, 2 eyes of the same patient). ICC values can be inter-

preted as a measure of how tightly clustered measurements

within a series of groups are—in the context of this study, it

reflects a measurement of the similarity between 2 consecu-

tive measurements in the same eye of the same patient.

Higher ICC values indicate greater agreement between the

2 measurements, and lower ICC values indicate worse agree-

ment (ie, greater variation between the 2 measurements).

Koo and Li’s guidelines for interpreting ICC values were

used to report a subjective classification of measurement

reliability (less than 0.5 ¼ poor, between 0.5 and 0.75 ¼
moderate, between 0.75 and 0.9 ¼ good, and greater than

0.9 ¼ excellent).27

Bland-Altman analysis generated limits of agreement for

average CPD and CFI measurements as well as each optic disc

quadrant (superior, nasal, inferior, and temporal). Interocular

symmetry was assessed by comparing mean differences in CPD

and CFI values between eyes of the same patient using a paired

2-tailed t test. The association of OCTA parameters with age

was assessed using generalized estimating equations (GEEs).

GEE analysis was used to account for the correlation between 2

eyes of an individual patient. An a of .05 was used to determine

statistical significance in all analyses.

Results

A total of 150 images were analyzed from 75 eyes of 47

patients. Twenty-eight images of 19 eyes were excluded from

analysis because of the aforementioned image exclusion crite-

ria, including less than 7 of 10 signal strength index, motion

artifact, focal signal loss, or segmentation artifact. The mean

age of these 47 patients was 68.3 years (range, 61-80 years),

Table 1. Intraclass Correlation and Limits of Agreement for Optical
Coherence Tomography Angiography Parametersa

Intraclass
correlation 95% CI

Limits of
agreement

Capillary perfusion density
Average 0.9218 0.8791-0.9498 –0.020 to 0.018
Superior 0.8440 0.7643-0.8984 –0.038 to 0.035
Nasal 0.7160 0.5855-0.8105 –0.049 to 0.045
Inferior 0.9070 0.8570-0.9402 –0.034 to 0.037
Temporal 0.7371 0.6140-0.8253 –0.054 to 0.051

Capillary flux index
Average 0.8684 0.7997-0.9417 –0.031 to 0.031
Superior 0.7195 0.5901-0.8129 –0.058 to 0.052
Nasal 0.7751 0.6665-0.8516 –0.055 to 0.055
Inferior 0.8976 0.8429-0.9340 –0.031 to 0.033
Temporal 0.6167 0.4550-0.7392 –0.072 to 0.075

aAll results are statistically significant with P < .001.
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and 79% were female. Eighty-four right-eye images (of 42

right eyes) and 66 left-eye images (of 33 left eyes) were

acquired. ICC and limits of agreement values for CPD and CFI

are reported in Table 1.

We found excellent repeatability for average CPD (ICC ¼
0.9218) and inferior CPD (ICC ¼ 0.9070). Good repeatability

was observed for superior CPD (ICC ¼ 0.8440), average CFI

(ICC ¼ 0.8684), nasal CFI (ICC ¼ 0.7751) and inferior CFI

(ICC¼ 0.8976). Moderate repeatability was observed for nasal

CPD (ICC ¼ 0.7160), temporal CPD (ICC ¼ 0.7371), superior

CFI (ICC ¼ 0.7195), and temporal CFI (ICC ¼ 0.6167).

Results of Bland-Altman analysis of average CPD and CFI are

shown in Figure 2.

In our analysis of interocular symmetry of OCTA para-

meters, we included 56 eyes of 28 patients with both eyes

imaged. Temporal CFI was found to be significantly different

between right and left eyes (right eye 0.364, left eye 0.347, P¼
.03). Peripapillary CPD and CFI values were not significantly

different between right and left eyes in all other analyses (all P

> .05) (Table 2).

Mean CPD for the whole scan was 0.430 (95% CI, 0.424-

0.437) in the right eye and 0.431 (95% CI, 0.425-0.437) in the

left eye (P ¼ .69). Mean CFI for the whole scan was 0.368

(95% CI, 0.362-0.375) in the right eye and 0.366 (95% CI,

0.358-0.374) in the left eye (P¼ .63). Mean CPD values ranged

from 0.411 (superior CPD in the right eye) to 0.449 (temporal

CPD in the right and left eyes). Mean CFI values ranged from

0.347 (nasal CFI in the left eye and temporal CFI in the left

eye) to 0.398 (inferior CFI in the right eye).

Peripapillary CPD and CFI were significantly associated

with a decrease in the parameter with an increase in age in the

whole scan and all quadrants (all P < .05). b coefficients for all

variables are reported in Table 3.

In our GEE analysis, b coefficients represent the change in

a given parameter for every 1 year of increasing age. For aver-

age CPD, the b coefficient for increasing age was –0.00172

(P < .001), and for average CFI, the b coefficient for increasing

age was –0.00278 (P < .001). b coefficients ranged from

–0.00129 (nasal CPD) to –0.00317 (temporal CFI). On the

whole, b coefficients for CFI were larger than those for CPD,

and effect sizes were small but statistically significant.

Figure 2. Bland-Altman plot of average (or whole-image) capillary perfusion density (CPD) and capillary flux index (CFI) measurements.
Averages of n measurements (2-4) are shown on the x axis, and mean difference between n measurements is shown on the y axis. The middle
lines represent the mean differences (CPD¼0.001; CFI¼0.000) and the upper and lower lines represent the limits of agreement
(CPD¼–0.020, 0.018; CFI¼–0.031, 0.031).

Table 2. Average Capillary Perfusion Density and Capillary Flux Index
Parameters Grouped by Patient Eye.a

Mean (95% CI) P value

Capillary perfusion density
Average

Right 0.430 (0.424-0.437)
Left 0.431 (0.424-0.437) .96

Superior
Right 0.411 (0.402-0.420)
Left 0.416 (0.408-0.424) .44

Nasal
Right 0.416 (0.407-0.425)
Left 0.414 (0.405-0.422) .69

Inferior
Right 0.445 (0.435-0.455)
Left 0.445 (0.434-0.456) .99

Temporal
Right 0.449 (0.439-0.458)
Left 0.449 (0.440-0.458) .95

Capillary flux index
Average

Right 0.368 (0.362-0.375)
Left 0.366 (0.358-0.374) .63

Superior
Right 0.386 (0.375-0.396)
Left 0.385 (0.376-0.394) .91

Nasal
Right 0.349 (0.337-0.361)
Left 0.347 (0.336-0.357) .78

Inferior
Right 0.398 (0.390-0.406)
Left 0.393 (0.383-0.403) .42

Temporal
Right 0.364 (0.353-0.375)
Left 0.347 (0.335-0.358) .03

aIndividuals with repeated images in both eyes were included in this subanalysis;
112 images of 56 eyes of 28 patients were analyzed.
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Conclusions

We report moderate to good intrasession repeatability for most

measurements of peripapillary CPD and CFI using a commer-

cially available OCTA system in healthy eyes of older adults.

Peripapillary CPD and CFI results for the whole scan tended to

have higher intrasession repeatability, whereas measurements

in the optic disc quadrants had lower repeatability. Among the

quadrants, inferior measurements had relatively higher repeat-

ability, whereas temporal measurements had relatively lower

repeatability. Overall, CPD had higher repeatability than CFI

across all measurements. Notably, average CPD had excellent

repeatability (ICC ¼ 0.9218).

A number of prior studies have been conducted to specifically

assess the repeatability and reproducibility of peripapillary

OCTA parameters.4,28-31 However, these studies varied regarding

imaging device used, image scan size, segmentation algorithm,

and study population. In our study, we specifically sought to

assess peripapillary OCTA parameter intravisit repeatability

(rather than intervisit reproducibility) on the Zeiss AngioPlex

OCTA, software version 11, with a dedicated peripapillary 4.5

� 4.5-mm OCTA protocol. Previous studies have used swept-

source prototype OCTA28 or Optovue4,29-31 imaging systems.

These studies have reported ICC values ranging from 0.65 to

0.952. Our study showed excellent repeatability for average CPD

and CFI measurements with greater variation in sectoral measure-

ments. We also assessed interocular symmetry and correlation of

parameters with age. Thus, our study adds to the growing body of

literature supporting the clinical use of peripapillary OCTA.

Sectoral variation in repeatability of peripapillary OCTA

parameters may be due to multiple contributing factors, includ-

ing normal anatomical variation between sectors, patient posi-

tioning and fixation during image acquisition, and calculation

of CPD and CFI. The nasal and temporal RNFL are thinner, and

greater variation has been observed in nasal and temporal

RNFL measurements on OCT imaging.32 It is possible that this

normal anatomical variation contributes to greater variation in

measured temporal OCTA parameters. Given that OCTA

imaging is relatively sensitive to patient positioning and proper

fixation, it is possible that the temporal peripapillary area is

disproportionately affected by subtle differences in patient

positioning. Finally, CPD and CFI rely on assessment of the

number of pixels defined as vasculature from a binarized vessel

slab generated by the OCTA device. Sectoral measurements

have fewer pixels than whole-scan parameters, which may

inherently contribute to greater variation given that smaller

differences in pixel count could have a larger influence on the

final reported parameter.

We found that temporal CFI exhibited significant interocu-

lar difference between right and left eyes of the same individ-

ual. Although it is possible that this is a false-positive result

given that no other parameters (including temporal CPD) were

different between eyes of the same patient, it is notable that

temporal CFI exhibited the lowest ICC for repeatability (ICC¼
0.6167). It is possible that temporal CFI measurements from

peripapillary OCTA scans should be approached with greater

scrutiny than other measurements.

All peripapillary OCTA parameters significantly decreased

with increasing age, although the b coefficients for effect

strength were quite small. This finding supports our hypothesis

that peripapillary vessel density decreases slowly in healthy

eyes of older adults. These findings should be taken into con-

sideration when developing prospectively generated, norma-

tive databases of OCTA parameters for healthy, older

populations.

An early peripapillary OCTA repeatability study using

a Zeiss Cirrus HD-5000 (Carl Zeiss Meditec) prototype in 10

patients showed excellent repeatability and reproducibility.33

However, we found that repeatability metrics were lower on

average, ranging from moderate repeatability to excellent

repeatability. We also observed a difference in repeatability

by quadrants, with temporal quadrant measurements being less

reliable. Another recent study of 30 healthy eyes using a Canon

OCT-HS100 angiographic module showed moderate to good

repeatability for most OCTA metrics and decreased repeatabil-

ity in CFI values compared with CPD, which is similar to the

results observed in our study.34 It is likely that real-world esti-

mates of repeatability are lower than initially reported by Chen

et al,33 and clinicians should be cautious to interpret small

changes in peripapillary CPD or CFI as clinically significant,

particularly in sectoral measurements. Further studies assessing

the repeatability of these metrics in various states of ocular

pathology would be beneficial.

In this study, we did not assess axial length in our patient

population, which has been shown to affect OCTA measure-

ments in highly myopic patients.35,36 Sampson et al assessed

eyes with spherical equivalent between –8 D and þ5 D and

found that axial lengths in the range 23.29 to 24.33 mm were

predicted to correspond to less than 5% change in macular

OCTA parameters, suggesting that the impact of axial length

is greater in unusually short and long eyes compared with eyes

with relatively normal axial lengths.35 We excluded eyes with

Table 3. Results of Generalized Estimating Equation Analysis of
Optical Coherence Tomography Angiography Parameters
Associated With Increasing Age.a

b coefficient 95% CI P

Capillary perfusion density
Average –0.00172 –0.00247 to –0.00097 < .001
Superior –0.00147 –0.00257 to –0.00037 .008
Nasal –0.00129 –0.00228 to –0.00030 .011
Inferior –0.00216 –0.00353 to –0.00080 .002
Temporal –0.00207 –0.00319 to –0.00095 < .001

Capillary flux index
Average –0.00278 –0.00364 to –0.00192 < .001
Superior –0.00266 –0.00374 to –0.00159 < .001
Nasal –0.00281 –0.00406 to –0.00157 < .001
Inferior –0.00269 –0.00377 to –0.00161 < .001
Temporal –0.00317 –0.00423 to –0.00202 < .001

ab coefficients represent change in a given parameter with each 1 year of
increasing age.
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refractive errors of þ6.0 of greater or –6.0 D to reduce the

magnitude of differences due to axial length.

Sampson and colleagues also suggested that because the

parafoveal region had a relatively uniform vascular network

in healthy eyes, small changes in its boundary from image size

correction due to differences in axial length were less likely to

induce significant change in overall density.35 The peripapil-

lary region also has a relatively uniform vascular network, and

it is likely that image size correction may not induce significant

changes. We did not control for optic disc area and recognize

that changes in optic disc area may also affect peripapillary

measurements on a fixed-size annulus, because for each milli-

meter increase in axial length, the optic disc area increases by

0.095 mm.37

In our study, we sought to eliminate confounders including

interuser variation, so participants underwent imaging by a sin-

gle experienced photographer to remove this potential con-

founder in repeatability measurements. Given that multiple

photographers may be involved in imaging patients in a typical

ophthalmic setting, however, it would be useful to assess var-

iation in measurements among different photographers using

the same machine.

The present study has some limitations. We enrolled mostly

female patients—this was because of unintended selection bias

in recruitment, as our study was broadly advertised to our

community registry but mostly female patients chose to enroll.

We do not anticipate that repeatability of peripapillary OCTA

measurements significantly differs by patient sex; however,

this sex difference should be considered when interpreting the

results of our study. In addition, we had different numbers of

right and left eyes included in the study—this is because we

excluded a greater number of left eyes because of motion arti-

fact or poor image quality. This could be in part due to patient

fatigue, because we imaged right eyes first, followed by left

eyes. However, there were only 9 more right eyes than left

eyes, and we included only patients with both eyes imaged in

our analysis of interocular symmetry of measurements. Finally,

we assessed only individuals without ocular pathology in this

study—prior studies with smaller sample sizes have assessed

peripapillary OCTA repeatability in disease states using other

commercial devices or prototypes. Future research should use

Zeiss AngioPlex OCTA in states of ocular pathology.

Future research should aim to determine the repeatability and

reproducibility of peripapillary OCTA parameters on newer

commercially available devices for comparison, because most

published work has been performed using an Optovue imaging

system and algorithm. In addition, future studies may assess the

repeatability and reproducibility of OCTA measurements in

a variety of clinical conditions and settings to ensure that mea-

surement reliability is sufficient for individuals with specific

retinal vascular pathologies and in real-world clinical practice.
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