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Purrose. The purpose of this study was to use three-dimensional confocal microscopy to
quantify the spatial patterns of capillary network alterations in nonproliferative diabetic
retinopathy (NPDR).

MerHoDps. The retinal microvasculature was perfusion-labelled in seven normal human
donor eyes and six age-matched donor eyes with NPDR. The peripapillary microcir-
culation was studied using confocal scanning laser microscopy. Capillary density and
diameters of the radial peripapillary capillary plexus (RPCP), superficial capillary plexus
(SCP), intermediate capillary plexus (ICP), and deep capillary plexus (DCP) were quanti-
fied and compared. Three-dimensional visualization strategies were also used to compare
the communications between capillary beds and precapillary arterioles and postcapillary
venules.

Resurrs. Mean capillary diameter was significantly increased in the NPDR group (P <
0.001). Intercapillary distance was significantly increased in the DCP (P = 0.004) and
RPCP (P = 0.022) of the NPDR group (P = 0.010) but not the SCP (P = 0.155) or ICP
(P = 0.103). The NPDR group was associated with an increased frequency of inflow
communication between the SCP and ICP/DCP and a decreased frequency of communi-
cation between the SCP and RPCP (P = 0.023). There was no difference in the patterns
of outflow communications between the two groups (P = 0.771).

Concrusions. This study demonstrates that capillary plexuses are nonuniformly perturbed
in NPDR. These structural changes may be indicative of perturbations to blood flow
patterns between different retinal layers. Our findings may aid the interpretation of previ-
ous clinical observations made using optical coherence tomography angiography as well
as improve our understanding of the pathogenesis of NPDR.
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icrovascular alterations are the hallmark feature of

diabetic retinopathy (DR); a major cause of visual
morbidity worldwide.> Detailed histologic studies have
defined the ultrastructural changes that characterize DR,
such as microaneurysms, intraretinal vascular anomalies,
capillary closure, cotton-wool spots, and retinal oedema.!»3~7
The cellular disturbances that underlie each of the ultra-
structural manifestations, including pericyte loss,'® base-
ment membrane degeneration,” endothelial proliferation,'®
and endothelial apoptosis'! have also been defined in exper-
imental and postmortem examinations. Collectively, these
studies have delineated the sequence of neural, glia, and
vascular alterations during the progressive stages of DR
and have provided valuable insights into the pathogene-
sis of this disease. What is less clearly understood is the
spatial profile of microvascular alterations due to DR and
whether all capillary networks within a defined volume
of retinal tissue are affected equally. This is a funda-
mental question that has major relevance for improving
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our understanding of the pathogenesis and natural history
of DR.

The retinal circulation is a critical source of energy
substrates for neurons and is morphologically specialized
with respect to retinal eccentricity and the retinal layer
traversed by the capillary vascular system.'>'° The unique
energy demands of retinal layers coupled with regional vari-
ations in angio-architectural characteristics make it likely
that certain retinal layers are more, or less, vulnerable to
metabolic injury. Although clinical imaging studies have indi-
cated that the deep vascular beds of the retina are rela-
tively more susceptible to structural alterations in DR,!7-%!
this has not been clearly highlighted using histologic tech-
niques. An important reason for this gap in knowledge is
the widespread use of tissue digestion techniques in previ-
ous histologic reports, making it difficult to precisely delin-
eate vascular changes relative to retinal depth. Clarifying this
issue is likely to improve our understanding of DR patho-

physiology.
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TasLe 1. Demographic and Clinical Details of Human Donor Eyes

Donor Side Group Cause of Death Sex Age,y HTN Time to Cannulation, h
1 L D Myocardial infarction M 66 Y 21
2 L D Right subarachnoid hemorrhage M 85 Y 1
3 R&L D Myocardial infarction M 84 N 9
4 R&L D Myocardial infarction F 52 N 5
5 R D Bowel cancer F 60 N 3
6 R&L C Cancer F 75 Y 4
7 L C Sepsis F 74 N 3
8 R C Cancer F 67 N 9
9 R&L C Ischemic stroke F 89 Y 4

C, control; D, diabetes; F, female; M, male; L, left; R, right; HTN, hypertension; Y, Yes; N, No.

The principle aim of this study is to determine if the
capillary plexuses of the human retinal circulation are
uniformly perturbed in the nonproliferative stages of DR
(NPDR). In this report, we perform a detailed quantita-
tive analysis involving capillary diameter and intercapillary
distance*?-* of the peripapillary capillary plexuses using
two-dimensional and three-dimensional histologic imag-
ing techniques. Perfusion-labeled human donor eyes from
patients that manifest NPDR are used. The results of this
study expand our understanding of the pathobiology of
DR and also assist in the clinical application of vascular
imaging techniques, such as optical coherence tomogra-
phy angiography (OCTA), to better detect and quantify reti-
nal changes due to DR. It is also an important extension
of previous studies that have used OCTA,'7:21:227 adap-
tive optics?®? and video fluorescein angiography®’3! to
define the patterns of capillary changes due to diabetic
retinopathy.

MATERIALS AND METHODS

The study was approved by the human research ethics
committee at the University of Western Australia. All human
tissue was handled according to the Tenets of the Declara-
tion of Helsinki.

Donor Eyes

Human donor eyes used in this report were obtained from
DonateLife WA (Perth, Western Australia), the organ and
tissue retrieval authority in Western Australia, Australia. The
demographic details, cause of death, and postmortem time
to cannulation are presented in Table 1.

The donor cohort in this study was stratified into a control
group and diabetes group. The control group comprised
of eyes with no history of eye disease and no history of
diabetes mellitus. The quantitative properties of the peri-
papillary circulation of eyes in the control group have
been reported in our previous publication.’?> The diabetes
group comprised of eyes from donors that upon medical
record review were confirmed to have a diagnosis of type
2 diabetes mellitus. Only those eyes that demonstrated the
histologic vascular alterations that characterize DR, such as
microaneurysms, capillary nonperfusion, hemorrhages, and
intraretinal microvascular abnormalities, were included in
this study. Eyes from donors with diabetes mellitus that did
not demonstrate the vascular alterations characteristic of DR
on postmortem microscopic examination were not included
in the study. Additionally, tissue that was deemed to be of

poor quality such that it was not possible to perform reli-
able quantitative histologic analysis was excluded from this
study.

Tissue Preparation

Eyes were enucleated shortly upon death. Enucleated eyes
were transported in Ringers lactate solution that had been
bubbled with a mixture of 5% CO,/95% O,. At the labo-
ratory, the eye was placed in a custom-built eye holder
and the portion of the central retinal artery, before it
traversed the optic nerve sheath inferiorly, was identified
and dissected free of retro-orbital fat under the operating
microscope. Our method of micro-cannulation and targeted
perfusion based labeling techniques was then utilized to
label the vascular endothelium of the retinal microvascula-
ture.'*33 Eyes were cannulated using a glass micropipette
(100 pm tip diameter), and subsequently perfused with 1%
bovine serum albumin dissolved in Ringers lactate solu-
tion to wash out residual blood clots. Perfusion fixation
was achieved with a solution of 4% paraformaldehyde
for 20 minutes followed by 0.1 M phosphate buffer (PB)
for 15 minutes. Eyes from all donors were perfused with
0.02 mg lectin-fluorescein isothiocyanate (FITC, Product No.
L4895; Sigma-Aldrich, Darmstadt, Germany) in 0.4 mL PB
by slow push over 30 seconds. After 12 minutes, the eye
was perfused again with PB for 15 minutes to wash out
excess labels. The perfusate for all eyes also contained 1
pg Hoechst (Product No. H6024; Sigma-Aldrich) for nuclear
labeling.

Postperfusion, the eye was decannulated and dissected
along the equator. The vitreous was carefully peeled and
dissected from the retina. The posterior segment was then
immersed in 4% paraformaldehyde for 12 hours. Next, the
neuro-retina was detached from the retinal pigment epithe-
lium. The optic nerve head was sectioned to be continu-
ous with the retina. The retina was flat mounted on glass
slide by making several radial incisions along the edge. Glyc-
erol (MERCK Pty. Limited, Victoria, Australia) was added to
enhance the optical quality of the tissue before placement
of the coverslip.

Confocal Scanning Laser Microscopy

After cannulation and perfusion of the central retinal artery,
all orders of the retinal microvasculature were examined to
ensure complete perfusion and washout of blood from the
retinal vasculature, as well as clear labeling of the endothe-
lium and nuclei. Retina with embolic vascular occlusions and
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retinas with excessive dye leakage, which prohibited reliable
quantification of vessel density and diameter, were excluded
from further analysis.

Images of the optic disk and peripapillary regions were
captured using a confocal scanning laser microscope (Nikon
Eclipse 90i; Nikon Corporation, Tokyo, Japan or Nikon
Eclipse E800; Nikon Corporation, Tokyo, Japan). We eval-
uvated the same regions as our previous report of control
eyes.>? Specifically, the superior, temporal, inferior, and nasal
quadrants were imaged using a Nikon 10 x NA 0.45 dry
objective lens, which gave a field of view of 1.27 mm X
1.27 mm. The axial resolution was 1.24 pm. Areas from all
four quadrants in the peripapillary region were chosen to
study capillary inflow and outflow patterns and were imaged
with the Nikon 40 x NA 1.0 oil objective lens to ascer-
tain greater detail. Using a motorized stage, a series of z-
stacks were captured at the required location. Each z-stack
consisted of a depth of optical sections, 1 pm apart, along
the z-axis. The top and bottom of a stack were manually
selected using the preview mode. The top of the stack was
set when a vessel first appeared in the nerve fiber layer
(NFL). The bottom of the stack was set to 20 pm beyond
the last of the deep capillary plexus (DCP) vessel. Such a
methodology ensured that all vessels within tissue volume
were captured and that displaced capillaries in the outer
retina due to macular edema were not excluded from image
capture. Low-magnification images of the retina flat-mount
were also acquired using a Nikon 4 x NA 0.2 dry objec-
tive lens and montaged together. Lectin-FITC labeling was
visualized using 488 nm argon laser excitation with emis-
sions detected through 515 nm band pass filters. Simultane-
ous scanning was done in each donor eye to visualize the
nuclei using 408 nm argon laser excitation with emissions
detected through a 450 nm band pass filter. All images in this
paper were prepared using Adobe Photoshop CS4 (version
12.1; Adobe Systems Inc.) and Adobe Illustrator CS5 (version
15.1.0; Adobe Systems Inc.).

Image Analysis

Confocal image files were processed with IMARIS (Bitplane,
Zurich, Switzerland) and/or Image] (Rasband, W.S., Image],
U. S. National Institutes of Health, Bethesda, MD).

The peripapillary circulation was stratified into the radial
peripapillary capillary plexus (RPCP; at the level of the
NFL), the superficial capillary plexus (SCP; at the level of
the ganglion cell layer), the intermediate capillary plexus
(ICP; at the inner border of the inner nuclear layer) and the
DCP (at the boundary of the inner nuclear layer and outer
plexiform layer [OPL]). Colocalization to nuclear label was
used to stratify each plexus. Two-dimensional images (n# =
224) were generated by projecting all confocal slices that
comprised a single capillary plexus (using the 10 x lens) and
were used to attain quantitative measurements. Measure-
ments were acquired from the nasal, temporal, superior,
and inferior parts of the peripapillary region. The following
quantitative measurements were attained using our previ-
ously published criteria.?>:3?

1. Capillary diameter (Supplementary Fig. S1): defined as
the perpendicular distance across the maximum chord
axis of each vessel. Each two-dimensional image was
partitioned into nine equal regions and measurements
were obtained from each region to ensure representa-
tive sampling. Five capillaries were measured in each
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of the 9 regions resulting in 45 measurements per
image and the average of these 45 measurements
was used in the analysis. Only capillaries with clearly
defined vessel lumens were measured. Capillaries that
appeared to be occluded distally with limited vessel
staining were avoided. Capillary segments adjacent to
microaneurysms were also not measured in eyes in the
diabetes group (Supplementary Fig. S1). All capillary
diameters measured were luminal diameters, as lectin
labels the luminal aspect of the vascular endothe-
lium 34

2. Intercapillary distance was measured to estimate
capillary density.®>>* A 3 x 3 grid consisting of two
equally spaced horizontal and two equally spaced
vertical perpendicular line segments measuring 0.5
mm each were superimposed over images. The
manual counts of capillary intersections across the
four-line segments were recorded. For each two-
dimensional image, the intercapillary distance was
derived by dividing the total number of capillary inter-
sections across the four-line segments by the total
length covered by the four-line segments (2 mm).

Capillary diameter and density measurements were
completed by two graders (D.A. and E.C)).

Three-dimensional images (7 = 99), constructed using
confocal volumes acquired with the Nikon 40 x NA 1.0 oil
objective lens (field of view of 318.5 pm x 318.5 um) were
used to evaluate vascular branching patterns and connec-
tions between capillary beds, precapillary arterioles, and
postcapillary venules. Three-dimensional images of each
confocal stack were generated using the same method-
ology as described in our previous publication.?* Using
Imaris software, confocal volumes were rotated in the x, vy,
and z axes to precisely delineate the topologic character-
istics of capillary plexuses and their connections to each
other as well as feeding arterioles and draining venules.
Inflow branching patterns of the SCP were categorized
and the frequency of each branching pattern in the control
and diabetes groups was determined. In order to ensure
that the arterial side of the capillary circulation was eval-
uated, we examined the first branch point of the SCP. The
four branching patterns were defined as per our previous
publication as follows??:

* Type 1 branching pattern of the SCP: characterized
by bifurcation of the superficial capillary segment
such that one branch connected with the RPCP and
the second branch remained in the plane of the SCP.

» Type 2 branching pattern of the SCP: characterized
by bifurcation of the superficial capillary segment
such that one branch connected with the ICP or DCP
and the second branch remained in the plane of the
SCP.

» Type 3 branching pattern of the SCP: characterized
by bifurcation of the superficial capillary segment
such that one branch connected with the RPCP and
the second branch connected with the ICP or DCP.

* Type 4 branching pattern of the SCP: characterized
by trifurcation of the superficial capillary segment
such that one branch connected to the RPCP, a
second branch connected with either the ICP or DCP,
and a third branch that remained in the plane of the
SCP.
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Capillary outflow pathways were also categorized and
the frequency of each branching pattern in the control
and diabetes groups was determined, as per our previ-
ous publication.? In order to ensure that the venous side
of the capillary circulation was evaluated, we examined
the final branch point within the SCP prior to connecting
to the draining venule. The four branching patterns were
defined as follows:

* Type 1 outflow pattern: characterized by an RPC in
the same plane of the SCP connecting with a single
capillary segment of the SCP.

* Type 2 outflow pattern: characterized by a capillary
of the ICP or DCP and a capillary in the same plane of
the SCP connecting with a single capillary segment
of the SCP.

* Type 3 outflow pattern: characterized by a capil-
lary of the ICP or DCP and a capillary of the RPCP
connecting with a single capillary segment of the
SCP.

* Type 4 outflow pattern: characterized by a branch
of the RPCP, a capillary of the ICP or DCP, and a
capillary in the same plane of the SCP connecting
with a single capillary segment of the SCP.

Statistical Analysis

Data were analyzed using R (a language and environ-
ment for statistical computing; R Foundation for Statisti-
cal Computing, Vienna, Austria. URL https://www.R-project.
org/), SigmaPlot (version 12.0; SPSS, Chicago, IL) and SPSS
Statistics for Windows (version 24.0; IBM Corp., Armonk,
NY). Two multivariate linear mixed effects models were
used to compare capillary diameter (CD) and intercap-
illary distance (ICD) measurements in the four capillary
plexuses between the control and diabetes groups. The
covariates modelled were age and time to cannulation.
Sex was not used as a covariate due to uneven distribu-
tion of sex among the diabetes and control groups. The
mixed effects used for comparison between control and
DR eyes within a particular plexus was eye (left/right)
nested in donor identity to account for intra-eye correla-
tions, as well as intereye correlations in cases where both
eyes from the same donor were quantified. For analyses
involving all plexuses, the mixed effects used were layer
nested in eye nested in donor identity. This accounted for
correlations between each plexus in addition to the intra
and intereye correlations. In any layer that was found to
be significantly different, the four quadrants surrounding
the optic disk were further analyzed to determine if any
quadrants contributed significantly to the differences in that
layer. A P value less than or equal to 0.050 was considered
significant.

Chi-square tests were performed to determine whether
there was any significant association in patterns of vascu-
lar branching between the control and diabetes groups. A
chi-square test of independence was conducted between
diabetes (two categories: diabetes and control) and arterial
pattern (four categories: 1, 2, 3, and 4), as well as diabetes
and venous pattern (four categories: 1, 2, 3, and 4). To follow
up significant results, the residuals were analyzed to deter-
mine which patterns contributed to the association. Cells
where the residual is greater than + 2 were considered
significant contributors.®
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RESULTS
General

The control group that was used for analysis comprised of
six eyes from four female donors. The diabetes group that
was used for analysis comprised of seven eyes from five
donors (3 male and 2 female). One donor with no history of
ocular or systemic disease and two donors with NPDR were
perfusion labeled but excluded from the study due to poor
quality images that precluded reliable quantification. None
of the donors in the diabetes group demonstrated histologic
features of proliferative diabetic retinopathy. There was no
clinical record of review by an ophthalmologist for any of
the donors and no past ocular history was noted in the medi-
cal records. Premortem clinical imaging data was not avail-
able for any of the donors and there was no evidence of
laser photocoagulation in any of the donor retinas. Review
of the medical records revealed that two donors in each
group were previously diagnosed with systemic hyperten-
sion, which was managed with medical therapy. One donor
in the diabetes group was a smoker of approximately 20
cigarettes per day.

The mean age of the control group was 76.2 + 9.2 years
(range, 67-89 years) and that of the diabetes group was 69.4
&+ 7.8 years (range, 52-85 years). The difference in mean age
was not significant between the two groups (P = 0.219). The
mean death-to-enucleation time for the control group (5 +
2.7 hours) and diabetes group (7.8 = 7.9 hours) was not
different (P = 0.159).

Ultrastructural Characteristics and Retinal
Vascular Patterns in Control and Diabetes Groups

Retinas in the control group demonstrated complete fill-
ing of all orders of the retinal circulation, including arte-
rioles, capillaries, and venules. A typical whole mount
montage of a retina from the diabetes group is provided in
Figure 1. Retinas in the diabetes group demonstrated a
spectrum of vascular alterations, including capillary nonper-
fusion, venous beading, and microaneurysms (Fig. 1).
All retinas in the DR group had severe NPDR.® These
changes were most prominent in the posterior pole and
peripheral retina. Staining of vessels and leakage of FITC-
lectin was more frequently seen in eyes in the diabetes group
compared to the control group.

Transverse histologic images of the peripapillary
regions for control and diabetes groups are presented in
Figure 2. In both groups, the peripapillary region was
characterized by a layered microcirculation comprised of
four capillary plexuses — RPCP, SCP, ICP, and DCP. Projection
of confocal slices to produce a two-dimensional en face
image demonstrated similarities in the morphology of each
capillary plexus in the two groups (Fig. 3). Specifically,
the RPCP was characterized by straight and long capillary
segments that were oriented parallel to each other. The SCP
was found in the plane of retinal arterioles and venules
and was the only plexus to communicate directly with
large order retinal vessels. We did not find any evidence
of direct communication between retinal arterioles and
venules with any of the other capillary plexuses in either
group. Vessels of the ICP demonstrated a predominantly
three-dimensional configuration, whereas the DCP was
largely a planar vascular network characterized by multiple
closed loops.
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Ficure 1. Representative whole-mount microscopy image of a donor eye in the diabetes group following perfusion-based vascular labeling.
The low-magnification montage (A) reveals multiple areas of nonperfusion (stars). High-magnification image of the peripapillary region (I)
demonstrates clear delineation of capillary structures but note that there is increased staining and some leakage of vascular structures. Inset of
a site distal to the peripapillary region (II) highlights the histologic features of nonproliferative diabetic retinopathy such as microaneurysms
(arrows) and capillary nonperfusion (star). The peripapillary region in the diabetes group was divided into superior (Sup), temporal (Tem),

inferior (Inf), and nasal regions (Nas) for quantitative analysis.

Capillary density was observably reduced in the DCP in
four of seven eyes in the diabetes group (Figs. 3, 4). Visu-
alization of confocal volumes at different angles of rotation
(Fig. 5) allowed precise identification of capillary segments
in the DCP with reduced or a total absence of endothelial

stain. A spectrum of vascular alterations was seen in the
DCP in the diabetes group ranging from focal disruptions of
single capillary segments within a capillary loop to profound
disorganization of the entire plexus (Fig. 4). In some eyes, it
was not possible to clearly discern the closed-loop morphol-
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Figure 2. Spatial organization of peripapillary capillary plexuses. Transverse histologic sections with endothelial staining (purple) co-
localized to nuclei (blue) demonstrates that the peripapillary region of the control (A) and diabetes (B) groups is comprised of four capillary
plexuses: the RPC plexus at the level of the NFL, SCP at the level of the ganglion cell layer (GCL), the ICP at the inner border of the inner
nuclear layer (INL), and the DCP at the boundary of the INL and outer plexiform layer.

ogy of the DCP due to the extensive loss of capillary struc-
tures (Fig. 4D).

We did not find any cases where there was an observable
reduction in capillary density in the RPCP, SCP, or ICP alone,
whereas the DCP seemed morphologically normal. Microa-
neurysms were seen in two of seven eyes (donor 1L, 5R) in
the peripapillary area of the diabetes group. There were 0%
of microaneurysms that were localized to the RPCP, 6% to the
SCP, 30% to the ICP, and 64% to the DCP (Fig. 4). No intrareti-
nal edema/cysts were identified in any of the diabetic retinas
within the peripapillary region.

Quantitative Analysis of the Diabetes Group

Measurements of capillary diameter and capillary density for
the diabetes group are provided in Tables 2 and 3, respec-
tively. Capillary diameter did not differ between any plexus
(all P > 0.050). The RPCP, SCP, and ICP had comparable
mean intercapillary distances (all P > 0.050) and they were
all significantly denser than the DCP (all P < 0.001).

There was no significant difference among the superior,
inferior, nasal, and temporal quadrants for capillary diameter
and density measurements in the diabetes group (all P >
0.050).

Quantitative Comparisons of Capillary Diameter
and Density Measurements Between the Control
and Diabetes Groups

Age, sex, and time to cannulation were not significantly asso-
ciated with capillary diameter and density for both diabetes
and control groups (all P > 0.050). Mean capillary diameter
measurements for each plexus of the control and diabetes
groups are provided in Table 2 (z = 9360). Mean capillary
diameter of all the plexuses was significantly higher in the
diabetes group (9.1 £ 1.2 pm; # = 5040) compared to the
control group (6.6 + 0.9 pm; 7 = 4320; P < 0.001). Compar-
isons of individual capillary plexuses revealed that capil-
lary diameter was significantly increased in the SCP only

in the diabetes group (P = 0.004). Capillary diameter in the
diabetes group was significantly greater in the nasal, tempo-
ral, superior, and inferior quadrants compared to the control
group (all P < 0.050).

Mean capillary density measurements for each plexus of
the control and diabetes groups are provided in Table 3.
Mean ICD of all the plexuses in the diabetes group (133.3
+ 82.8 pym) was significantly larger than the control group
(99.5 £ 13.7 pm). Analysis of individual plexuses revealed
significantly larger ICD in the diabetic RPCP (113.7 £+ 52.6
pm vs. 89.4 + 12.6 um; P = 0.022) and DCP (178.1 £+ 128.6
pm vs. 106.6 £ 8.3 um; P = 0.004) compared to the control
group. This difference was significant across all four quad-
rants of the peripapillary regions (all P < 0.050).

Quantitative Comparisons of Inflow and Outflow
Pathways between the Control and Diabetes
Groups

The patterns of inflow and outflow branching patterns in
the diabetes group were the same as the control group. The
frequencies of each branching pattern were, however, differ-
ent in each group, as discussed below.

The frequencies of the different inflow branching
patterns of the SCP in the control (# = 51) and diabetes
(n = 58) groups are schematically illustrated in Figure 6.
There was a statistically significant association between
diabetes and capillary inflow pathways, chi-square(3) =
9.52; P = 0.023. The strength of the association was moder-
ate,”” Cramer’s V = 0.296. Based on the analysis of residu-
als, patterns 1 and 2 were significant contributors, whereas
patterns 3 and 4 were not significant contributors to the
association.

The frequencies of the different branching patterns in
the outflow pathway of the SCP in the control (n = 51)
and diabetes (#z = 41) groups are schematically illustrated
in Figure 7. There was no significant association between
diabetes and venous branching pattern, chi-square(3) =
1.13; P = 0.771.
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Non Proliferative
Diabetic Retinopathy

Normal

Radial
Peripapillary
Plexus

Superficial
Capillary
Plexus

Intermediate
Capillary
Plexus

Deep
Capillary
Plexus

Figure 3. Comparisons of the morphologic characteristics of the peripapillary capillary plexuses between control eyes (donor 3L) and eyes
with NPDR (donor 7L). En face projections of confocal images that composed the radial peripapillary capillary plexus (A, B), superficial
capillary plexus (C, D), intermediate capillary plexus (E, F), and deep capillary plexus (G, H) are provided. Images in the left and right
panels represent the control and diabetes groups, respectively. Note that the morphology of each capillary plexus in the control and diabetes
groups is comparable. Mean capillary diameter is higher in the NPDR eye in the SCP (7.6 pm vs. 5.2 pm) and ICP (8.1 pm vs. 5.3 pm).
Intercapillary distance is increased across all plexuses, with the largest difference at the RPCP (112.9 pm vs. 75.8 pm) and DCP (133.7 pm
vs. 92.3 pm). Scale bar = 150 pm.
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Ficure 4. The spectrum of capillary density alteration in the DCP
in the diabetes group. En face images of the DCP in four differ-
ent donors in the diabetes group (A-D) reveal the range of DCP
alterations, including focal disruptions of single capillary segments
within a capillary loop to profound disorganization of the entire
DCP. Arrow denotes a microaneurysm seen in the DCP.
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TaBLe 2. Capillary Diameter Measurements of Each Plexus in the
Control and Diabetes Groups

Control Diabetes P Value
All plexuses 6.6 + 0.9[4.3,83] 9.1 + 1.2[5.9,12.1] <0.001
RPCP 6.2 + 1.1[4.3,8.3] 9.25 + 1.34[6.9,11.2] 0.088
SCP 6.7 £ 0.8[5.2,7.9] 9.41 + 1.03[7.4,11.3] 0.004
ICcpP 6.8 + 0.81[4.5,8.1] 89 + 1.02[5.9,10.6] 0.085
DCP 6.6 + 0.8[4.3,7.71 9.04 + 1.20[6.8, 12.1] 0.182

Mean =+ standard error and range (um) for each group is
provided. Results of statistical comparisons between control and
diabetes groups are provided in the right column.

Di1scusSION

This study demonstrates that NPDR is characterized by
disparate peripapillary capillary network alterations. We
chose the peripapillary region as the area of interest as it
can be reliably stratified into four capillary networks and
because we have previously quantified the topologic prop-
erties of these networks in normal eyes.>* The main findings
of this study are as follows: (1) mean capillary diameter is
increased in eyes with NPDR; (2) capillary density changes
in NPDR are nonuniform with a predilection for the RPCP
and DCP; and (3) alterations to capillary inflow pathways
may precede capillary outflow pathway changes in NPDR.

The peripapillary microcirculation constitutes a highly
complex network of capillary plexuses that are each
morphologically different. In our previous study>* we
demonstrated that the peripapillary circulation of the normal
human eye can be stratified into four plexuses; the RPCP,
SCP, ICP, and DCP. This is similar to the pig eye, as described
by Rootman.?® The works of our group'?'>1¢ and others*#!
have also shown that the microcirculations of other reti-
nal eccentricities are similarly specialized. The reasons for
the ramified organization of the retinal circulation are
unclear but it is likely related to the unique physiologic and
metabolic requirements of each retinal layer. For example,
the RPCP resides at the level of the NFL and nourishes a
predominantly axonal population, whereas the SCP, located
at the level of the GCL, supports the energy demands of a
large population of neuronal soma.?? Other lines of evidence
to demonstrate that the metabolic demands of the retina are
heterogeneous include the significant variations in oxygen
tension between retinal layers,’3 the nonuniform distribution
of glial processes within the retina,***> and the differences in
neuroglobin®® and cytochrome C oxidase?” enzyme concen-
trations between retinal layers. Collectively, these findings
suggest that certain retinal layers may be more, or less,
vulnerable to injury following metabolic insults.

The role of microvascular alterations in the pathogen-
esis of DR is firmly established.®® In his seminal work,
Norman Ashton concluded that the three most important
vascular manifestations that characterized DR include capil-
lary closure, endothelial proliferation, and microaneurysms.?
These findings were re-affirmed and expanded upon in
the postmortem studies of other investigators.!*¥>° In a
significant number of histologic studies in the field of DR,
trypsin digestion techniques were used for specimen prepa-
ration.*! Although such methodology provided exquisite
visualization of vascular detail, it resulted in the digestion of
nonvascular components of the retina, making it difficult to
precisely investigate microvascular changes relative to reti-
nal depth. Using our perfusion-based endothelial labeling
technique, coupled with nuclei labeling, we have been able
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Ficure 5. Selective nonperfusion of the DCP in the diabetes group. Visualization of the entire confocal volume (A) reveals numerous
occluding vessels. One of these is marked with a red arrow. Visualization of the confocal volume from the same angle following removal of
slices that depict the RPCP, SCP, and ICP (B) reveals that the site of attenuated vascular labeling is at the level of the DCP. Cross-sectional
visualization of the area bound by red box in A shows intact retinal layers and that the vessel was occluded rather than displaced by

intraretinal cyst or edema. ONL, outer nuclear layer; INL, inner nuclear layer. Scale bar = 90 pm.

TasLE 3. Intercapillary Distance Measurements of Each Plexus in the Control and Diabetes Groups

Control Diabetes P Value
All plexuses 99.5 £ 13.7 [59.1, 130.3] 133.3 + 82.8[59.1, 564.4] <0.001
RPCP 89.4 + 12.0[59.1, 110.4] 113.7 + 52.6 [59.1, 317.5] 0.022
SCp 96.8 + 15.91 [70.6, 130.3] 115.0 £ 66.4 [68.6, 390.8] 0.155
ICP 105.5 + 9.8 [87.6, 127.0] 126.5 + 42.4 [79.4, 241.9] 0.103
DCP 106.6 + 8.4 [92.4, 127.1] 178.1 £ 128.6 [94.1, 564.4] 0.004

Intercapillary distance was the metric used to determine capillary density hence plexuses of greater capillary density had relatively lower
intercapillary distance measurements. Mean £+ SE and range (um) for each group is provided. Results of statistical comparisons between

control and diabetes groups are provided in the right column.

to reliably stratify the capillary plexuses within the retina
without tissue digestion.!®-51:52 Using this technique, capil-
laries that are denuded or manifest damaged endothelium
are expected to show abnormal or absent lectin staining.
This has allowed us to make reliable morphologic and quan-
titative comparisons between capillary plexuses and inves-
tigate the disparate pattern of vascular change in NPDR.
In an OCTA study, Schreur et al. reported a high number
of microaneurysms located in both the ICP and DCP, with
the least number of microaneurysms found in the SCP. Our
results slightly differ, as we found the highest percentage of
microaneurysms in the DCP, followed by the ICP.

In this study, we show using lectin labeling that mean
peripapillary luminal capillary diameter is increased by
2.5 pm in NPDR retina. Our findings are consistent with
previous studies that have also revealed an increase in capil-
lary diameter in eyes with diabetic retinopathy. In a human
adaptive optics study of the macula, Burns et al. described
an average capillary total diameter of 8.1 pm in 6 subjects
with type 1 diabetes and 1 subject with type 2 diabetes,
compared to an average capillary diameter of 6.1 ym in
controls.?® Similarly, Chui et al. found that a subject with
proliferative DR had a capillary diameter of 7.7 to 10 pm
across different regions of the macula, compared to 5.8 um in
a control subject.” In a Sprague-Dawley rat model, galactose
fed diabetic rats had a retinal capillary diameter of 9.6 pm,
which was significantly larger than 7.8 pm in control rats.>?
In contrast, Lombardo et al. reported a significant reduction
in capillary lumen diameter in a group of 8 subjects with
type 1 diabetes with mild NPDR.>* One explanation for these

differences may be the variation in the severity of diabetic
retinopathy between studies. Taken together, these results
may reflect a possible time sequence of pathological changes
where thickening of the basement membrane®>>>® occurs
first with associated narrowing of vessel lumen followed by
enlargement of the lumen as a compensatory response as
disease progresses.

In vivo adaptive optics scanning light ophthalmoscope
fluorescein angiography®” and OCTA?® studies have shown
a reduction in macular capillary density in eyes with diabetic
retinopathy. Our present report is an extension of these
previous important studies as it investigates whether there
are uniform or nonuniform changes to the peripapillary
retinal circulation in eyes with diabetic retinopathy. Specif-
ically, we apply high-resolution confocal scanning laser
microscopy to investigate the nature of capillary density
changes within each plexus of the peripapillary region. Our
findings implicate the DCP as the most vulnerable micro-
circulation to alteration in NPDR as it was the plexus with
most significant reduction in density. Previous studies have
provided evidence to suggest that the earliest manifestations
of NPDR occur at the level of the deep retinal circulation.
Simonett et al. and Carnevali et al. detected a significant
reduction in perifoveal DCP density using OCTA, in patients
with type 1 diabetes without DR or early DR.’®>° Similar
conclusion was drawn from patients with type 2 diabetes
by Cao et al.%° and Scarinici et al.®" The reasons for the
preferential vulnerability of the DCP to injury in DR are
subject to conjecture but may relate to the greater oxygen
demands of the OPL. Previous works done in macaque
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Ficure 6. Patterns of capillary inflow of the SCP. Four different
branching patterns were identified in the control and diabetes
groups. The precapillary arteriole always connected to the SCP,
after which connections to other capillary plexuses occurred. The
frequencies of each of these patterns for each group are provided.

monkey retina by Ahmed et al. and rat retina by Yu and
Cringle, utilizing oxygen sensitive microelectrodes to quan-
tify intraretinal oxygen distribution, showed that oxygen
consumption within the OPL was relatively greater than a
number of other layers in the inner retina.*>2 The greater
oxygen consumption of the OPL may reflect the immense
energy requirements of synaptic activity between rod and
cone axons and the dendrites of bipolar and horizontal cells.
Although we did not seek to investigate cause-effect rela-
tionships between structural changes in the OPL and DCP
alterations, it is possible that disturbances in neurovascular
coupling mechanisms in the OPL due to NPDR may underlie
DCP changes.

The reduction in capillary density at the level of the DCP
may underlie the significant change in capillary inflow path-
ways in eyes with NPDR. In this study, we found a greater
frequency of inflow pathways connecting the SCP to the
ICP/DCP in eyes with NPDR. This organization may reflect a
compensatory response to localized ischemia and an attempt
to increase blood flow to areas of reduced vascular density.
Studies have shown that compensatory capillary modeling
occurs in the brain following ischemic injury,>®* and in
the retina following branch retinal vein occlusion.>~%" We
also found a lower frequency of pathways connecting the
SCP to the RPCP in eyes with NPDR and this change may
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Pattern 2
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........ 5
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Ficure 7. Patterns of capillary outflow of the SCP. Four differ-
ent branching patterns were identified in the control and diabetes
groups. Postcapillary venules only communicated with the SCP with
no direct connections received from the radial peripapillary capil-
lary plexus, SCP, or ICP. The frequencies of each of these patterns
for each group are provided.

account for the reduction in RPCP density in DR. The prefer-
ential redirection of blood away from the RPCP may under-
lie the development of NFL thinning that is known to be an
early feature of NPDR.®® We did not identify any significant
changes in the frequencies of capillary outflow pathways but
this may be a manifestation of the more advanced stages of
NPDR.

The results of this study may aid the clinical interpreta-
tion of OCTA data in the setting of DR. Recently, advances
in OCTA software and hardware technologies have made it
possible to resolve fine retinal vascular structures within the
limits of 5 to 8 um.* Quantifying and monitoring changes
in capillary diameter and density in each of the retinal capil-
lary plexuses using OCTA may, therefore, serve as a useful
biomarker for detecting the onset of DR as well as monitor-
ing disease progression. The application of volume-rendered
OCTA techniques may also facilitate precise visualization of
capillary inflow and outflow pathways and identify compen-
satory changes to blood flow patterns in response to regional
ischemia. The strengths of this study include the excellent
preservation of postmortem tissue in control and diabetes
donor eyes as well as the perfusion-based endothelial label-
ing techniques applied to precisely study retinal capillary
changes. In addition, confocal microscope has better rejec-
tion of scattered light, which allows precise imaging of the
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diabetic retinal circulation in cases where intraretinal cysts
and edema may cause displacement of capillary segments.
However, we acknowledge several limitations of this study,
namely the limited sample size of donor eyes as well as
the lack of pre-mortem clinical information from diabetes
donors to correlate with the histologic results. In addi-
tion, the number of microaneurysms identified using current
perfusion labeling methodology may be underestimated, as
only microaneurysms with patent lumens can be labeled.
We also acknowledge that we have only investigated the
peripapillary region in this report and it is possible that the
spatial pattern, magnitude, and temporal sequences of capil-
lary network alterations in other retinal eccentricities, such
as the macula, may be different.
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