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Purrose. To analyze the foveal microvasculature of young healthy eyes and older
vasculopathic eyes, imaged using in vivo adaptive optics scanning light ophthalmoscope
fluorescein angiography (AOSLO FA).

Mernops. AOSLO FA imaging of the superficial retinal microvasculature within an 800-pum
radius from the foveal center was performed using simultaneous confocal infrared (IR)
reflectance (790 nm) and fluorescence (488 nm) channels. Corresponding IR structural and
FA perfusion maps were compared with each other to identify nonperfused capillaries
adjacent to the foveal avascular zone. Microvascular densities were calculated from
skeletonized FA perfusion maps.

Resuwts. Sixteen healthy adults (26 eyes; mean age 25 years, range, 21-29) and six patients
with a retinal vasculopathy (six eyes; mean age 55 years, range, 44-70) were imaged. At least
one nonperfused capillary was observed in five of the 16 healthy nonfellow eyes and in four
of the six vasculopathic eyes. Compared with healthy eyes, capillary nonperfusion in the
vasculopathic eyes was more extensive. Microvascular density of the 16 healthy nonfellow
eyes was 42.0 = 4.2 mm~! (range, 33-50 mm~!). All six vasculopathic eyes had decreased
microvascular densities.

Concrusions. AOSLO FA provides an in vivo method for estimating foveal microvascular
density and reveals occult nonperfused retinal capillaries. Nonperfused capillaries in
healthy young adults may represent a normal variation and/or an early sign of pathology.
Although limited, the normative data presented here is a step toward developing clinically
useful microvascular parameters for ocular and/or systemic diseases.

Keywords: adaptive optics, scanning light ophthalmoscopy, fluorescein angiography, retinal
microvasculature, image analysis

Pathological changes in the retinal vasculature, such as
arteriolar narrowing and arteriovenous nicking, have been
shown to be independent risk factors for increased morbidity
and mortality from cardiovascular disease.'-® Histologic studies
of human and animal retinas have identified capillary non-
perfusion as an important feature of various vaso-occlusive
diseases, including diabetes, hypertension, and sickle cell
disease.” 4 Capillary closure is thought to be an early pivotal
event leading to impaired perfusion and ischemia, a cause of
irreversible tissue damage over time.!> Microvascular density
measurements have been performed on histological sections of
vascular tissue using both manual'>'® and semiautomated

techniques.!’~1° The ability to image and assess these same
microvascular structures in vivo offers the potential for earlier
detection and serial examinations of cardiovascular and retinal
disease.

Studies of the foveal microvasculature using intravenous
fluorescein angiography (FA)?° have shown enlargement of the
foveal avascular zone (FAZ) and perifoveal intercapillary areas
in different disease states, including diabetes, hypertension,
venous occlusion, glaucoma, and sickle cell disease.?'-?7 The
ability to directly quantify microvascular density, however, has
been limited by the eye’s natural optical aberrations and the
resolution of available ophthalmoscopes.!>2® More modern
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TaBLe. Demographic of Subjects With Retinal Vasculopathy
Past Medical Past Ophthalmic Imaged
Subject Age,y Sex History Medications History Treatment History Eye BCVA
RR_0129 55 F HTN, hyperlipidemia Losartan, simvastatin, Superior temporal Laser photocoagulation X2 oS 20/20-2
furosemide BRVO OS
RR_0151 64 F Bipolar disorder Valproic acid, Nonischemic Intravitreal bevacizumab Os 20/20
risperidone CRVO OS injection X8
RR_0167 49 F DM X12y Sitagliptin metformin PDR OU X2y Intravitreal bevacizumab oS 20/20
injection X2
RR_0204 44 F Sickle cell disease, None SCR OU Laser photocoagulation X6 OD 20/32
pain crises
RR_0282 50 M  Hyperlipidemia Simvastatin BRAO OD None OD 20/20
RR_0332 70 M HTN None HR OU None (OR8] 20/40

E female; M, male; HTN, hypertension; DM, diabetes mellitus.

ophthalmoscopes, such as adaptive optics (AO) scanning light
ophthalmoscope (SLO),%°-32 optical coherence tomography
(OCT),33738 AO-OCT,* and AO flood-illumination,-42 allow
more direct in vivo assessment of the retinal microvasculature.
Adaptive optics ophthalmoscopy offers the greatest in vivo
resolution and has been used to obtain capillary densities in
both normal® and diabetic eyes.*#45

We recently demonstrated that successful two-dimensional
in vivo imaging of normal and diseased human microvascula-
ture can be performed using AOSLO FA.%-48 In the present
manuscript, we introduce analytic methods to study AOSLO FA
images of the foveal microvasculature. We apply these methods
to healthy young adult eyes and a representative group of
vasculopathic eyes.

METHODS

Patient Recruitment

This study followed the tenets of the Declaration of Helsinki
and was approved by the New York Eye and Ear Infirmary
Institutional Review Board. Written informed consent was
obtained from each participant after the nature and potential
risks of the study were explained. Inclusion criteria included a
best-corrected visual acuity (BCVA) of 20/60 or more with
good central fixation, pupil dilation of at least 5 mm, normal
anterior segment with clear phakic lens, clear media, and
minimal or no inner retinal edema at the fovea on spectral-
domain OCT (SD-OCT) (Heidelberg Spectralis HRAHOCT;
Heidelberg Engineering, Inc., Heidelberg, Germany). Sixteen
healthy adults (26 eyes) and six patients with a known retinal
vasculopathy (six eyes) were enrolled.

The 16 healthy adults included eight men and eight women
with a mean age of 25 years (range, 21-29). They had no
significant past medical or surgical history with normal ocular
examination and a BCVA of 20/20 or more in each study eye.
Both eyes were imaged in 10 healthy adults, with only one eye
imaged in the remaining six. The six patients with retinal
vasculopathies included two men and four women with a
mean age of 55 years (range, 44-70). One eye from each of the
patients with vasculopathy was imaged. The BCVA was 20/40
or more in each eye and diagnoses included proliferative
diabetic retinopathy (PDR), hypertensive retinopathy (HR),
sickle cell retinopathy (SCR), nonischemic central retinal vein
occlusion (CRVO), branch retinal vein occlusion (BRVO), and
branch retinal artery occlusion (BRAO) (Table).

Imaging

Mydriasis and cycloplegia were achieved with one drop each
2.5% phenylephrine hydrochloride ophthalmic solution

(Bausch & Lomb, Inc., Tampa, FL, USA) and 1% tropicamide
ophthalmic solution (Akorn, Inc., Lake Forest, IL, USA).
Spectral-domain OCT imaging was performed on both eyes of
all subjects, using 12 radial scans at 15° intervals through the
center of the fovea. Each scan spanned 20° and was an average
of nine frames. Axial length was measured in all eyes (IOL
Master; Carl Zeiss Meditec AG, Jena, Germany) to calculate the
AOSLO image scale in microns per pixel, based on the Emsley
schematic eye model.*

The AOSLO used was a replica of the one built by Dubra
and Sulai,’® modified for AOSLO FA as described by Pinhas et
al.%® The infrared (IR) reflectance channel used a 790-nm light,
and the fluorescence channel used a 488-nm light for
excitation and an emission filter centered at 525 nm with a
45-nm bandwidth. The fluorescence channel was focused on
the superficial layers of retinal microvasculature, and the IR
reflectance channel was focused on the photoreceptors.
Fluorescein was administered orally in orange juice 10 to 20
minutes before AOSLO imaging at dosages of 20 mg
fluorescein/kg body weight. During AOSLO FA, simultaneous
1.75° field-of-view reflectance and fluorescence image se-
quences 500 frames long were acquired at a rate of 15 frames
per second. During recording of the 500-frame sequences, the
internal fixation target was moved at 1.5° increments every 100
to 150 frames to image a contiguous square area of
approximately 6° centered at the fovea. An additional set of
images using only the IR channel focused on the superficial
microvasculature was acquired, covering a square area of
approximately 2.5° centered at the fovea, for comparison with
FA perfusion maps. During imaging, subjects were given
periodic short breaks as needed.

Light Safety

The AOSLO optical powers without modulation measured at
the cornea were 15 uW for the 850-nm wavefront sensing
superluminescent diode (SLD), 100 uW for the 790-nm imaging
SLD, and 32 puW for the 488-nm diode laser. During imaging,
the on/off modulation reduced the average powers delivered
to approximately 25% of their original values. In imaging
contiguous areas, no single retinal location was exposed to the
combined light sources for longer than 30 seconds. All sources
were considered lasers for the maximum permissible exposure
(MPE) calculations, resulting in light exposure six times below
both the photochemical and thermal MPE limits according to
the American National Standards Institute ANSI Z136.5!

Image Processing

After AOSLO FA imaging, both the reflectance (IR structural)
and fluorescence (FA perfusion) sequences were registered
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the FAZ. Scale bar: 25 pm (Supplementary Video S1).

using custom software,>? creating sequences with 5 to 100
frames. Images with high signal-to-noise ratio were generated
by averaging the registered sequences. The individual micro-
vascular IR structural and FA perfusion images were tiled
manually and contrast stretched to create larger microvascular
maps (Adobe Photoshop CS6; Adobe Systems, Inc., San Jose,
CA, USA) (Figs. 1A, 1B).

Image Analysis

Detection of Nonperfused Capillaries. Infrared struc-
tural maps allowed visualization of the superficial capillaries,

Investigative Ophthalmology & Visual Science

IOVS | December 2014 | Vol. 55 | No. 12 | 8058

; — |
o>

Ficure 1. In the first example of a healthy 25-year-old male RR_0025 OS, comparing (A) IR structural map of FAZ and surrounding capillaries to the
corresponding (B) FA perfusion map does not reveal nonperfused capillaries. In the second example of a 24-year-old male RR_0283 OS, at least three
nonperfused capillaries are apparent (arrows). (A, C): The foveal center was identified in each IR structural map as the brightest point of the foveal
reflex. Supplementary Video S1 shows registered FA perfusion and IR structural movies, with an arrow indicating a nonperfused capillary inferior to

irrespective of their perfusion status, whereas FA perfusion
maps allowed visualization of only the perfused intraluminal
spaces. By comparing the IR structural maps with the FA
perfusion maps, it was possible to use any discrepancies to
detect nonperfused capillaries adjacent to the FAZ (Fig. 1).
Fluorescein angiography perfusion maps were also inspected
for classic signs of microangiopathy, such as microaneurysms
and/or vessel looping.

Microvascular Density Estimation. Circular FA perfusion
maps centered at the fovea with a radius of 800 um were
analyzed using a custom-developed MATLAB GUI program (The
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FIGURE 2.

Mathworks, Inc., Natick, MA, USA; Fig. 2A). The foveal center
on each IR structural map was identified as the point of the
maximum foveal reflex (Figs. 1A, 1C). With the approximate
foveal center marked, each perfusion map was thresholded
into a binary image. A skeletonized perfusion map was created
in a semiautomated fashion. An automated skeletonization was
first performed using single-pixel centerline extraction of the
binary blood vessel maps, reducing all vascular structure to a
single-pixel thickness, ignoring variations in vessel caliber and
shape (Fig. 2B). The automated skeletonization was then
manually corrected by erasing erroneous nonvascular features
and tracing missed blood vessels. Interobserver reliability for
vessel tracing was assessed by having two trained, independent
examiners manually correct the automated skeletonization of a
200 X 200-um square region centered at 600 um superior from
the foveal center in each of the 16 healthy eyes. Intraclass
correlation of their resulting microvascular density values was
calculated.

Concentric circles centered at the fovea were generated at
100-pm radial increments over the finalized skeletonized
perfusion map, creating a set of concentric annuli centered
at the fovea. For example, annulus 200 represented the area
between 100 and 200 pm radially from the foveal center. Eight
equiangular radial lines emanating from the foveal center were
also generated, creating octants: superior (S), superior nasal
(SN), nasal (N), inferior nasal (IN), inferior (I), inferior
temporal (IT), temporal (T), and superior temporal (ST). The
confluence of circular and radial lines created 64 individual
regions of interest (ROIs) (Fig. 2C). Microvascular density
(mm™1) was calculated by summing all the skeleton pixels
within a given ROI, converting to millimeters using axial length
correction,*® and then dividing by the area of the ROI in
millimeters squared. Individual ROI microvascular densities
were grouped into annulus and octant means for further
analysis. In calculating mean microvascular densities per eye,
the central 400 um were excluded to avoid the effect of

(A) Fluorescein angiography perfusion map of healthy 25-year-old male RR_0025 OS, 1600 pm in diameter, with dot marking foveal
center. (B) Skeletonized perfusion maps were created by semiautomatic tracing and (C) overlaid by a grid of 64 ROIs defined by eight equiangular
octants and eight concentric annuli with a 100-pum step size. (D) Colorized density contour maps were created from skeletonized perfusion maps to
visualize regional variation in microvascular topography.

substantial FAZ diameter variation across individuals. These
means were then averaged, and SD was calculated for those
group averages. An unpaired #-test with a P value of less than
0.05 was used to measure significant difference between-group
averages.

A separate algorithm created colorized density contour
maps by computing microvascular density within each 16 X 16-
um sampling window with 8-um overlaps over the skeleton-
ized perfusion maps using the built-in MATLAB function
blkproc. Colorized density contour maps allowed for better
visualization of regional vessel density variations across the FA
perfusion map (Fig. 2D).

Spectral-Domain OCT Manual Segmentation and
Analysis. Manual segmentation of 12 SD-OCT radial scans
was performed for each eye, using a custom MATLAB GUI
program. The inner limiting membrane (ILM), outer plexiform
layer/outer nuclear layer interface (OPL/ONL), and the retinal
pigment epithelium/choroid interface (RPE/CH) were seg-
mented to define the inner retinal thickness (IRT) between ILM
and OPL/ONL and outer retinal thickness (ORT) between OPL/
ONL and RPE/CH. Data points were collected from 50- to 750-
um radial distance from foveal center in both directions per
radial scan, to correspond to vessel density averages. This
resulted in 24 data points per octant and 24 data points per
annulus. Mean IRT and ORT per annulus and per octant were
trended with respective microvascular density averages of the
16 healthy control eyes.

RESULTS

Analysis of healthy eye data included 16 nonfellow eyes of the
16 different healthy subjects. Use of data from the 10 healthy
fellow eyes was limited to intrasubject difference calculations.
Fluorescein angiography perfusion maps enhanced the visual-
ization of the perfused foveal microvasculature. Fluorescein
angiography perfusion maps of vasculopathic eyes showed
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octant. Error bars represent SD. The asterisks represent a significant difference in microvascular density between the inferior and temporal octants.

subjectively lower microvascular density and larger FAZs
compared with that of healthy controls, as well as microvas-
cular looping and microaneurysms of various shapes and sizes.
Comparison of IR structural and FA perfusion maps revealed
nonperfused capillaries near the FAZ (Fig. 1; Supplementary
Video S1). We were able to identify at least one nonperfused
capillary segment in five (31%) of the 16 healthy nonfellow
eyes and in four (66%) of the six vasculopathic eyes (BRVO,
CRVO, PDR, and SCR). Capillary nonperfusion in vasculopathic
eyes was more extensive compared with healthy eyes.
Interobserver vessel tracing reliability among the two
readers was high (intraclass correlation coefficient 0.96).
Average microvascular density of the 16 healthy nonfellow
eyes was 42.0 = 4.2 mm~! (SD), with a range of 33.0 to 50.0
mm~!. Microvascular densities increased along radial eccen-
tricity from the foveal center (Fig. 3A). Superior and inferior

octants had higher microvascular densities compared with the
nasal and temporal octants. There was a significant difference
between the inferior and temporal octants (44.0 = 4.2 mm™!
versus 39.0 £ 5.4 mm™Y); #(14) = 4.4, P < 0.001 (Fig. 3B).
Average microvascular density was significantly higher in males
versus females; 45.0 + 3.0 mm™! vs. 40.0 * 2.0 mm™!; #(14) =
3.0, P < 0.01. The 10 healthy paired eyes showed no
significant intrasubject differences in microvascular densities
(#[8] = 0.55, P = 0.60) with percentage differences between
OD and OS of 10% or less for all pairs.

Microvascular density increased along with IRT until depths
of approximately 100 um were reached (Fig. 3A). Inner retinal
thickness values paralleled microvascular density variations
across the octants, with superior and inferior octants showing
higher thicknesses and nasal and temporal octants showing
lower thicknesses (Fig. 3B). Outer retinal thickness values
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FiGure 4. Microvascular density means per annulus of six vasculopathic eyes, compared with average microvascular density = SD of the 16
healthy nonfellow eyes. Vasculopathic eyes generally had lower microvascular densities compared with healthy averages. The PDR eye showed
increased microvascular density from annulus 100 to 300 compared with healthy averages.

remained relatively constant compared with microvascular
density variations across all octants and annuli. All six
vasculopathic eyes had decreased microvascular densities
when compared with controls (Fig. 4). Figures 5 and 6 show
FA perfusion maps and corresponding colorized density
contour maps of six representative healthy eyes and six
vasculopathic eyes, respectively. For an IR structural and FA
perfusion map comparison example of RR_0167 PDR OS,
please refer to Figures 6C and 6D of Dubow et al.4”

DISCUSSION

Adaptive optics SLO confocal IR reflectance imaging and FA
appear useful for evaluating the integrity of foveal microvas-
cular features, and are sensitive enough to identify capillary
nonperfusion as focal as a single capillary segment. Compar-
ison of IR structural maps and FA perfusion maps revealed that
even in young healthy eyes, there is a relatively common
incidence of nonperfused capillaries near the FAZ (5 of 16
healthy eyes, or 31%). This finding may be normal variation and
represent a dynamic process of functional nonperfusion/
reperfusion, or may indicate the early stage of subclinical
pathology. Future longitudinal imaging studies of these non-
perfused capillary segments in healthy eyes may elucidate
these findings. In an effort to minimize incoming light from
nonvascular structures and better visualize the vascular
structures on IR structural maps, techniques using multiply
scattered light detection schemes, such as offset pinhole3:32
and split detection,>® may be used.

In our limited sample of control subjects, we found a high
degree of variation in microvascular densities between
individuals (range, 33-50 mm™1) with a low degree of variation
between fellow eyes. This is most likely related to both genetic

and environmental factors between individuals. Our data also
show that octant and annular microvascular densities increased
along with increasing IRT on SD-OCT, whereas ORT values
remained constant and did not appear to correlate with
changes in microvascular density. These results are consistent
with the known relationship between retinal vascular supply
and the inner retinal tissue, as opposed to the outer retinal
tissues that are supplied with oxygen by the choroidal
vasculature.>* We also found significant differences between
male and female microvascular densities. However, there was a
scarcity of available data in the literature to compare to our
own with the exception of studies of vessel caliber and
macular thickness. Population-based studies of vessel caliber
have not found sex differences.>>>7 A number of SD-OCT
studies have found that males have significantly thicker
maculae compared with females.38-°2 Future studies will need
to further explore the relationships among sex, anatomic
structure, and microvascular density.

A number of groups have recently reported efforts to
quantify retinal microvascular density. Using AOSLO motion
contrast techniques, Tam et al.>® showed that average vessel
density in 15 normal eyes from the FAZ edge to 0.15° from the
FAZ edge (approximately 317-370-um radial distance from the
foveal center) was 32 mm !. A comparable annulus in our
study was annulus 400 (300-400-pum radial distance from the
foveal center) in which average vessel density was 35 mm .
Using dual-conjugate AO, Popovic et al.*3> showed that average
vessel density in five normal eyes from the FAZ edge
(approximately 306-pum radial distance from the foveal center)
to 750-um radial distance from the foveal center was 37 mm .
A comparable range in our study was annuli 400 to 800, for
which the average vessel density was 46 mm™!. Both Tam et
al.? and Popovic et al.*> used methods similar to single-pixel
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RR0319

Ficure 5. (A-C, G-D: Six representative healthy FA perfusion maps, three males and three females, showing a spectrum of FAZ shapes and sizes
and a spectrum of microvascular densities. Subject identification number appears in the upper right corner; age, sex, and eye in the lower left
corner; and microvascular density (mean of annuli 300-800) in the lower right corner. (D-E J-L): Corresponding colorized density contour maps.
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RR0O129 LY RRO151 . RRO167

RR0282

Fiure 6.  (A-C, G-I): Fluoroscein angiography perfusion maps of the six vasculopathic eyes, in order of appearance: BRVO, CRVO, PDR, SCR,
BRAO, and HR. Subject identification number appears in the upper right corner; age, sex, and eye in the lower left corner; and microvascular
density (mean of annuli 300-800) in the lower right corner. (D-E J-L): Corresponding colorized density contour maps.
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centerline extraction. The higher microvascular density of
AOSLO FA compared with reflectance AO techniques may in
part be due to its ability to image more microvascular layers at
a given axial focus.*®

Mendis et al.’> and Chan et al.'® independently reported on
histologic microvascular densities using confocal microscopy.
Both defined vessel density as the percentage of the image
occupied by retinal vessels, and moved the focus to image
different microvascular layers. Mendis et al.!> showed that in
five donor eyes, average vessel density at two 1300 X 1300-um
regions, from 850 pm to 2150 pm temporally and inferiorly
from the foveal center, was 64.1%. Chan et al.'® showed that in
11 donor eyes, average vessel density at a 500 X 500-um region
centered 2 mm from the foveal center was 77.2%. These data
are somewhat difficult to compare with our own because the
analyzed regions were farther from the foveal center and the
density calculations incorporated vascular caliber. Additionally,
our method was limited to a single superficial focal depth,
which may have ignored deeper microvascular layers. Figure
3A shows that at an IRT of approximately 100 pm,
microvascular density begins to approach an apparent
asymptote, whereas IRT continues to increase with increasing
distance from the foveal center. The relationship of microvas-
cular density and IRT beyond a depth of 100 pm is
nonphysiologic and more likely represents the limit of the
current AOSLO FA method (e.g., imaging wavelength, power,
pinhole size) in imaging deeper microvascular layers while
focused at the superficial microvasculature. That being said,
our annulus 800 average microvascular density of 51 mm™!
indicates that our in vivo technique is able to capture the bulk
of the microvasculature present in the retinal tissue. In future
studies, modification of settings may facilitate imaging at
eccentricities beyond annulus 800 and use multiple foci to
produce results more comparable with those histological
studies of Mendis et al.'> and Chan et al.'®

An additional limitation of the current study was the lack of
age-matched healthy eyes for comparison with vasculopathic
eyes. The vasculopathic subjects in this study were older than
the healthy subjects, and it is not possible to rule out that at
least some of the changes observed in capillary nonperfusion
and microvascular density may have been age-related. The
procedure of identifying the foveal center is another possible
confounding feature of this study. Choosing the brightest point
of the foveal reflex on the IR structural maps may have
introduced a source of error into microvascular density
calculations. We chose not to calculate the center of FAZ
using the capillaries that encircle the FAZ, because in disease
states dropout surrounding FAZ may occur asymmetrically. The
significance of this possible source of error needs to be further
investigated by cross-referencing the foveal reflexes on IR
structural maps with the point of highest cone density on IR
photoreceptor images and foveal pit morphology on SD-OCT
scans. Another limitation of this study is that diseased or aged
vessels may be more reflective secondary to sclerosis, which
can potentially make them more readily identifiable on IR
structural maps compared with healthy vessels. Identification
of nonperfusion in healthy vessels may thus be more difficult
when compared with that in diseased or aged vessels, affecting
relative calculated rates of nonperfusion across the groups.

The preliminary normative and select vasculopathy data-
base presented in this study suggests that simultaneous AOSLO
confocal IR reflectance and fluorescence imaging have the
potential to help better characterize normal microvascularity
versus age-related change, retinal vasculopathy, or systemic
cardiovascular disease. Furthermore, AOSLO FA has potential
to reveal tissue response to current and emerging treatment
modalities, and may aid in the discovery and development of
novel treatment options. Improvements in image acquisition,

IOVS | December 2014 | Vol. 55 | No. 12 | 8064

processing, and analysis are required before this technique can
successfully integrate into a clinical setting. Its potential as a
tool for tracking disease state and correlating with other
imaging modalities, such as SD-OCT, blood flow,°3-%5 micro-
perimetry,®® and metabolic imaging,®” may help detect disease
earlier, prognosticate more accurately, and point the way
toward more personalized management of disease.
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