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Noninvasive visualization and analysis
of the human parafoveal capillary

Purrose. We characterized the foveal avascular zone (FAZ) and the parafoveal capillary
network in healthy subjects using swept source OCT optical microangiography (OMAG).

MEetHoDSs. We acquired OMAG images of the macula of 19 eyes (13 healthy individuals) using a
prototype swept source laser OCT. En face images of the retinal vasculature were generated
for superficial and deep inner retinal layers (SRL/DRL) in regions of interest 250 (ROI-250) and
500 (ROI-500) pm from the FAZ border.

Resurts. The mean area (mm?) of the FAZ was 0.304 * 0.132 for the SRL and 0.486 * 0.162
for the DRL (P < 0.001). Mean vessel density (%) was 67.3 = 6.4 for the SRL and 34.5 = 8.6
for the DRL in the ROI-250 (P < 0.001), and 74.2 = 3.9 for the SRL and 72.3 = 4.9 for the
DRL in the ROI-500 (P = 0.160).

ConcLusions. Swept source OMAG images of healthy subjects allowed analysis of the FAZ and

network using swept source OCT
optical microangiography. Invest
Opbthalmol Vis Sci. 2015;56:3984-

3988. DOI:10.1167/i0vs.15-16510 capillaries

the density of the parafoveal capillary network at different retinal layers.
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he fovea is the source of highest resolution vision. Its

histological structure differs from the rest of the retina,
with its inner retinal layers, including the capillaries, displaced
from the photoreceptors to form the foveal avascular zone
(FAZ).! The FAZ is surrounded by a terminal capillary ring of
side-branching retinal arterioles originating from the superior
and inferior temporal branches of the central retinal artery.?
Elsewhere in the retina, capillary networks originating from the
central retinal artery are located in different layers of the inner
retina.3# The parafoveal capillary network and FAZ have been
studied in vitro and in vivo, using various methods, including
histologic techniques, high contrast entoptic view, fluorescein
angiography (FA), and high-resolution imaging tools, such as
adaptive optics and confocal scanning laser ophthalmosco-
py.>!3 The introduction of phase variance optical coherence
tomography (OCT) made it possible to visualize the retinal
vasculature, including the capillaries with OCT technology.'# In
particular, swept source (SS) ultrahigh-speed frequency domain
OCT optical microangiography (OMAG) provides simultaneous-
ly high-resolution and three-dimensional information on the
morphology of the retinal vasculature by capturing a series of B-
scans in the same location, allowing isolation of motion (blood
flow) signals from static (tissue) signals by image processing.!>
The OMAG technique is a noninvasive, comfortable imaging
method for the patient.

In the present study, we applied this novel, noninvasive
imaging modality to characterize the FAZ and parafoveal
capillary network in healthy subjects, and to compare our
findings to those of previous studies on capillary visualization.
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PATIENTS AND METHODS

A total of 13 healthy subjects participated in this study.
Exclusion criteria included any evidence of ocular pathology
or systemic disease. Informed consent was obtained from all
subjects. The study protocol was approved by the Health
Science Institutional Review Board of the University of
Southern California and complied with the requirements of
the Declaration of Helsinki.

Swept source OMAG images were acquired using a
prototype SS laser OCT (510K clearance pending) from Carl
Zeiss Meditec (Dublin, CA, USA) with a central wavelength of
1050 nm (1000-1100 nm full width), a speed of 100,000 A-
scans per second, and a theoretical axial and transverse
resolution of 5 and 15 pm in tissue. For SSSOMAG imaging, 3
X 3 X 3 mm macular cubes were acquired, with each cube
consisting of 300 clusters of four repeated B-scans, each
containing 300 A-scans. The time to acquire one cube was
approximately 4.5 seconds. Clusters of four B-scans were taken
to enable the visualization of motion when generating SS-OMAG
images. An intensity differentiation algorithm was applied to
extract in vivo blood vessel information as described previous-
ly.'¢ Before the algorithm was applied, displacement occurring
between adjacent repeated B-scans caused by involuntary eye
movement was compensated by a two-dimensional cross
correlation between two adjacent flow images.!” Using this
approach, we obtained detailed, depth-resolved images of the
retinal vasculature in the posterior pole.
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FiGure 1.

Swept source OCT optical microangiography images of two
subjects centered on the fovea. (a, b) En face projection image of the
FAZ (outlined) and the parafoveal microvasculature of the SRL. (c, d)
Corresponding en face projection images of the DRL.

To delineate the best plane to separate the superficial and
deep retinal capillaries, we first generated a rough estimate of
the position of the outer border of the outer plexiform layer as
approximately 110 pm internal to the retinal pigment
epithelium. The automated algorithms used to estimate the
position were based on existing segmentation techniques used
in the Cirrus OCT (Carl Zeiss Meditec) to identify the retinal
pigment epithelium and inner limiting membrane in the OCT
intensity image.'® The neurosensory retina internal to this
boundary was designated the inner retina and was divided
further empirically into superficial (inner 60%) and deep (outer
40%) retinal capillary layers (SRL/DRL). En face images of the
retinal vasculature were generated by a maximum intensity
projection for the two identified layers. Generating the en face
images took less than 10 seconds per cube.

Quantitative analyses were performed using the publically
available GNU Image Manipulation Program GIMP 2.8.14
(available in the public domain at http://gimp.org). First, the
area of the FAZ, defined by the area inside the inner border of
the terminal capillary ring, was semiautomatically delineated
by two independent graders for the SRL and DRL images (Fig.
1). Measures in pixels were converted to millimeters with
respect to the axial length (assessed with the IOL-Master; Carl
Zeiss Meditec) to correct for individual differences in ocular
magnification as reported previously.!® The effective diameter
of the FAZ was calculated as the diameter of a circle with equal
area (Deg = 2V/[Area/n]).

Two regions of interest (ROI) surrounding the FAZ, from the
border of the FAZ to a distance of 250 pum from the border of
the FAZ, and from a distance of 250 um to a distance of 500 um
from the border of the FAZ as determined on the SRL image,
were extracted from the SRL and DRL images of each eye using
the layer projection, selection and expand selection tools of
GIMP. The distance of 250 pm (ROI-250) was chosen because
inspection of the images revealed that, on the SRL images, the
vessels were easiest to distinguish within this distance of the
terminal capillary ring. The second distance of 500 pm (ROI-
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500) was chosen based on the histologic definition of the
parafoveal region.?® In a last step, the vessels visible in the ROI
were extracted semiautomatically with the color selection tool
of GIMP for further analysis (Fig. 2). Vessel density was
assessed as percent of retinal area occupied by vessels.

Statistical analyses were performed with PASW Statistics for
Windows, Version 18.0 (SPSS, Inc., Chicago, IL, USA) using the
Shapiro-Wilk test for normality and the paired samples #-test to
determine differences when comparing matched samples in
normally distributed populations. Intraclass correlation coeffi-
cients with 95% confidence intervals were calculated to assess
intergrader agreement. The significance level was set at 5%.

Of the 13 participants, 8 were male, 5 female. The age range
was 26 to 41 years, with a mean of 31 and an SD of 5 years. In
six subjects, in whom both eyes were imaged, the measures
were averaged for the right and left eyes.

RESULTS

The mean (SD) axial length was 24.33 (0.92) mm.

Side-by-side inspection of images extracted from the SRL
and DRL showed fewer visible vessels overall and larger central
avascular areas for the DRL (Fig. 1). Table 1 shows the mean
(SD) of the area and effective diameter of the FAZ, and the
vessel density in the ROI for the SRL and DRL.

The mean size and effective diameter of the FAZ were
statistically significantly smaller in the SRL compared to the
DRL. The mean (SD) and percent differences were 0.182
(0.058) mm? and 48.9% (18.2%), respectively, for the area of
the FAZ, and 0.095 (0.029) mm and 25.0% (10.0%) for the
effective diameter (paired ftest, P < 0.001). Measurements of
the FAZ size were highly correlated between the two graders
with intraclass correlation coefficients (95% confidence
interval) of 0.982 (0.938-0.994) for the SRL and 0.856
(0.668-0.942) for the DRL. The mean * SD and absolute

FiGure 2.

Side-by-side comparison of en face projection and vessel
extraction images of the SRL and DRL of the same eye. (a, ¢) En face
projection image of the parafoveal vasculature of the SRL/DRL. The
dashed wbite line shows the boundary of the FAZ. (b, d)
Corresponding vessel extraction image of the SRL and DRL. The black
outline shows the border between the ROI-250 and ROI-500.
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Tase 1. Mean (SD) Area and Effective Diameter of the FAZ and Vessel
Density in Percent Retinal Area Occupied by Vessels for ROI With a
Distance of 250 and 500 um From the Terminal Capillary Ring of the
FAZ

Superficial Inner
Retinal Layer

Deep Inner
Retinal Layer

0.304 (0.132)
0.344 (0.074)
67.3 (6.9
742 (3.9

0.486 (0.162)
0.438 (0.072)
34.5 (8.6)
72.3 (4.9)

FAZ area, mm?

FAZ effective diameter, mm
Vessel density ROI-250, %
Vessel density ROI-500, %

mean differences in FAZ area measurements between the two
graders were —0.013 * 0.020 and 0.014 * 0.019 mm? for the
SRL, and 0.014 * 0.086 and 0.060 *= 0.062 mm? for the DRL.

The mean vessel density in the ROI-250 was statistically
significantly greater in the SRL. The mean (SD) percent
difference in vessel density was 32.8 (9.3, paired ftest, P <
0.001). In the ROI-500, there was no statistically significant
difference in the mean vessel density when comparing the SRL
and DRL (paired #-test, P =0.160). The corresponding boxplot
is shown in Figure 3.

Di1scussION

Ultrahigh-speed SS-OMAG can be used to produce detailed en
face in vivo images of the FAZ and parafoveal vascular network
noninvasively at different layers of the retina, suggesting that
this technique may be used to study the vasculature of the
central retina in healthy and diseased eyes.

The mean FAZ area and effective diameter in normal
subjects corrected for axial length in this study (0.304 mm? and
0.344 mm for the SRL) were similar to results from previous
studies using different modalities as shown in Table 2.

Parafoveal vessel density has been reported for regions
resembling our ROI-250 and ROI-500 in previous studies. For

Region
of
interest

[JROI-250
WRO500

100 %
80 % E

60 %

40 %

Vessel density (%)

20 % °

| |
SRL DRL
Ficure 3. Boxplot showing the vessel density in percent retinal area
occupied by vessels for the ROI in the SRL and DRL. The ROI-250 was
defined as the area within a distance of 250 pm from the terminal

capillary ring; the ROI-500 was defined as the area outside the ROI-250
within a distance of 500 pm from the terminal capillary ring.
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TaBii 2. Size of the FAZ in Healthy Subjects From Present and Other
Studies
Technique N FAZ, mm?

Retinal function imager?3 37 0.125 * 0.070
High-speed phase-variance OCT!4 2 0.167
Scanning laser ophthalmoscope FAZ# 52 0.205 = 0.060
Scanning laser ophthalmoscope FA?> 21 0.231 = 0.060
Contrast-adjusted scanning laser

ophthalmoscope FA? 31 0.275 * 0.074
High-resolution, wide-field, dual-

conjugate adaptive optics'? 5 0.302 = 0.100
Present study: swept source OMAG 13 0.304 (0.132)
Adaptive optics scanning laser ophthal-

moscope 10 10 0.323 + 0.107
Adaptive optics scanning laser ophthal-

moscope!! 11 0.330 = 0.190
FAZ6 20 0.35
FA%7 27 0.405
Retinal function imager, scanning laser

ophthalmoscope, FA!? 42 0.420 = 0.250
High contrast entoptic view® 34 0.42

example, using an adaptive optics scanning laser ophthalmo-
scope, Tam et al.'° found an average vessel density of 31.6
mm~! (V= 10) in the inner region. In addition, using a high-
resolution, wide-ield dual-conjugate adaptive optics instru-
ment, Popovic et al.'?> found a mean capillary density of 38.0
mm~! in the inner ROI, and 36.4 mm™"' in the outer ROI (N =
5). In both studies, measurements were corrected for ocular
magnification. In a histologic study, Mendis et al.* found a
mean vessel density of 41.1% in the superficial and 23.0% in the
deep capillary network in confocal microscopy (N = 5). The
specimens, however, were taken at 850 to 2150 pm
eccentricity from the foveal center. With FA, they found a
mean vessel density of 24.4% in the same location (N = 10). 4
To convert their numbers to measures similar to those used by
Tam et al.!° and Popovic et al.!3, we could assume a capillary
width of 7 pm. Their “capillary percent area” yields an area
measurement that can be divided by capillary width to obtain
total capillary length. Dividing total capillary length by the area
of the ROI yields a metric that can be compared to other
studies. Applying this algorithm, the measurements of Mendis
et al.* convert to 58.6 and 32.9 mm™! in the superficial and
deep layer by confocal microscopy, and 34.3 mm~! by FA. Our
measures can be similarly converted using an estimated
capillary width of 15 pm to account for the apparent wider
appearance of capillaries on OCT imaging. On our first
assessment of the data, based on multiple measurements of
the parafoveal capillaries in several images/cases, the average
width appeared to be 15 pm, which corresponds to the
transverse resolution of the SS-OCT system. Thus, based on the
optical limitations, the use of an estimated capillary width of 15
pm for our study appears appropriate. Using this assumption,
our mean capillary density in the SRL converts to 44.9 mm™! in
the ROI-250 and 49.5 mm™! in the ROI-500. In the DRL, the
mean capillary density converts to 23.0 mm ™! in the ROI-250
and 48.2 mm! in the ROI-500. When compared to the results
of Tam et al.'° and Popovic et al.,' our estimated vessel density
is higher. This is most likely due to the different vessel
extraction technique: Tam et al.!® outlined the centerlines of
the vessels, and Popovic et al.!> skeletonized the vessel
signature to a 1 pixel-wide tracing. In this study, the extracted
vessel signature was not skeletonized as shown in Figure 2.
When compared to the results of Mendis et al.,* our estimated
vessel density is lower for the superficial inner retinal layer.
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This was expected as the specimens of Mendis et al* were
taken at a greater eccentricity. Recently, Chui et al.?! used
adaptive optics scanning laser ophthalmoscope imaging to
study the relationship between the thickness of the retina and
size of FAZ, and suggested that the inner retinal circulation
might be required to support a retinal thickness greater than
60 um.?! It would be interesting in the future with a larger
cohort to determine whether a similar relationship could be
established between retinal thickness and the OMAG deter-
mined FAZ.

Although the methods we used have many advantages,
including the rapid and comfortable acquisition of the OMAG
images, the depth resolution, excellent microvascular resolu-
tion, and the semiautomated analysis technique, there are
several limitations to consider. These drawbacks include rare
motion artifacts, low edge contrast of the vessels on the
images, and the subjectivity of some of the assessments when
determining vessel borders. Motion artifacts could be ad-
dressed by including faster eye-tracking to improve the image
quality, especially in subjects with poor fixation/reduced visual
acuity. The edge contrast limitation could be overcome by
optimizing the postimage processing algorithms.* An enhanced
edge contrast of the vessels would likely increase the reliability
of the measurements by facilitating the vessel border selection.
With further improvements, a three-dimensional display and
analysis of the vessel structure would make it possible to assess
the vessel density proportional to the volume evaluated. A
three-dimensional approach to study the vasculature is
particularly important, since the division of the parafoveal
capillaries into superficial and deep layers by OMAG imaging is
somewhat arbitrary.

In summary, the FAZ and parafoveal capillary networks can
be visualized noninvasively, three-dimensionally, and with high
resolution using ultrahigh-speed SS-OMAG. In the present
study, images acquired with this technique in healthy subjects
allowed analysis of the FAZ and density of the parafoveal
capillary network at different retinal layers. Selective visualiza-
tion of the deep retinal capillary plexus, which cannot be
accomplished by FA, is of particular interest as recent reports
have identified diseases featuring isolated deep capillary
ischemia.?? This suggests that this technique may be of great
value to study the vasculature of the central retina in healthy
and diseased eyes.
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