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PURPOSE. To quantify microvasculature changes in the superficial (SCP), middle (MCP), and
deep capillary plexuses (DCP) in diabetic retinopathy (DR).

METHODS. Retrospective cross-sectional study at a tertiary academic referral center, in which
26 controls (44 eyes), 27 diabetic subjects without retinopathy (44 eyes), 32 subjects with
nonproliferative retinopathy (52 eyes), and 27 subjects with proliferative retinopathy (40
eyes) were imaged with optical coherence tomography angiography (OCTA). Outcome
measures included parafoveal vessel density (VD), percentage area of nonperfusion (PAN),
and adjusted flow index (AFI) at the different plexuses.

RESULTS. MCP VD and MCP AFI decreased with worsening DR, while PAN increased, mirroring
changes within the DCP. The fitted regression line for MCP and DCP AFI were significantly
different than the SCP, while DCP PAN differed from SCP PAN with disease progression.
Higher SCP AFI and PAN were different in eyes with diabetes without retinopathy compared
with controls. Unexpectedly, sex was found to independently influence MCP VD and AFI with
worsening disease.

CONCLUSIONS. OCTA parameters in the MCP and DCP displayed parallel changes with DR
progression, different from the SCP, emphasizing the importance of physiologic consider-
ations in the retinal capillaries. Thus, segmentation protocols that include the MCP within the
SCP may be confounded. A difference in DCP PAN with worsening DR was unmasked relative
to a prior study that included the MCP with SCP. We confirm that SCP AFI and PAN may serve
as early indicators of microvascular changes in DR and identify an interaction between sex
and the MCP deserving further study.
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Optical coherence tomography angiography (OCTA) is a
new modality that images retinal blood flow by detecting

changes in OCT reflectivity related to erythrocyte movement by
comparing sequential spectral-domain OCT scans obtained in
the same location.1 One primary advantage is its ability to map
the retinal microvasculature three-dimensionally, allowing
clinicians to study the individual retinal capillary plexuses.

OCTA studies in diabetic retinopathy (DR) have largely
concentrated on the superficial (SCP) and deep retinal capillary
plexuses (DCP).2–7 However, the middle capillary plexus (MCP)
has been well-defined histopathologically,8–12 and has been
shown to be controlled by distinct developmental and
autoregulatory cues.13,14 When the standard commercial
software is used, the MCP is partially incorporated into the
other plexuses, possibly confounding the results of previous
OCTA studies.2–7 Although disruption of the retinal structure
from DR and projection artifact from the SCP are the most
salient issues that complicate automated segmentation of the
MCP,15,16 we have recently shown that manual segmentation of
OCTA volumes can effectively visualize the MCP.17 Since then,
several studies have used OCTA to examine the three plexuses

in patients with DR, finding differences in the vasculature and
perfusion between the layers.15,18,19

In this study, we build upon our recent analysis, which
identified a decline in retinal capillary density with increasing
DR severity.20 Our goal in the current study was to better
understand the pathophysiology of DR by characterizing the
vascular changes at the individual macular capillary plexuses. In
particular, we were most interested in the role of the MCP,
which is generally incorporated with the SCP in current
software algorithms (as in our previous study). Given the
known distinct autoregulation of the MCP compared with the
SCP and DCP,13 we hypothesized that evaluating the MCP
separately from the SCP would reveal new insights about this
former layer, compared with previous reports that used
segmentation algorithms that incorporate the MCP within the
SCP. Also, given the importance of identifying patients who
would benefit from metabolic interventions before the onset of
DR, we were interested in confirming our previous finding of
OCTA biomarkers at the SCP that could distinguish healthy eyes
from those with subclinical DR.20,21 We believe our study
advances our understanding of how the various retinal capillary
layers are affected in DR.
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METHODS

This was a retrospective study of healthy and diabetic subjects
who underwent OCTA imaging between June 2015 and July
2016 in the Department of Ophthalmology at Northwestern
University in Chicago, Illinois. All participants provided written
informed consent. The study was conducted with approval
from the institutional review board of Northwestern University,
and in compliance with the Health Insurance Portability and
Accountability Act of 1996 and the tenets of the Declaration of
Helsinki.

Inclusion criteria were healthy subjects or diabetics with no
DR, nonproliferative (NPDR), or proliferative diabetic retinop-
athy (PDR). Staging of retinopathy was based on color fundus
photographs analyzed by one of two board-certified experi-
enced retina specialists (AAF or LMJ) using Early Treatment
Diabetic Retinopathy Study (ETDRS) guidelines.22 We included
both treated and treatment-näıve eyes (Table 1). Additional
prerequisites were OCTA images without significant movement
or shadow artifacts, and a signal strength index (SSI) score
above 50. Exclusion criteria included eyes with other retinal
vascular diseases, astigmatism (>3 diopters [D]), high myopia
(>6 D), or cataracts graded above nuclear opalescence or
nuclear color grade three. The presence of DR pathology
including edema or retinal hard exudates was noted, but the
eyes were included.

Electronic medical records were reviewed for demographic
and clinical data, and best-corrected visual acuity was
converted to logMAR.23 Chronic kidney disease (CKD) stages
were determined according to the Kidney Disease Outcome
Quality Initiative guidelines, where estimated glomerular
filtration rates were calculated using the Modification of Diet
in Renal Disease Study equation and serum creatinine, age, and
racial information.24 Controls without known serum creatinine
were assumed to have CKD stage 1.

Imaging and Processing

The RTVue-XR Avanti OCTA System (Optovue, Inc., Fremont,
CA, USA) system uses the split-spectrum amplitude-decorrela-
tion angiography (SSADA) algorithm (AngioVue Analytics;
version 2016.1.0.26; Optovue, Inc.).25 This device has an A-
scan rate of 70,000 scans/s using a light source centered on
840 nm and a bandwidth of 45 nm. To produce three-
dimensional angiograms, two consecutive B-scans (M-B
frames), each with 304 A-scans, were captured in a 3 3 3-
mm2 area centered on the fovea. SSADA was applied to extract
OCTA information, and the SSI for each image was recorded.

En face OCT angiographs were segmented into the SCP,
MCP, and DCP according to the protocol we recently reported
as Method 3 (Figs. 1–3).17 We used MCP boundaries that
included the inner nuclear layer (INL), while SCP and DCP
slabs were thinner and did not overlap with the INL.

OCTA quantitative measures were extracted for the
capillary layers according to a previously described protocol.20

Parafoveal Vessel Density (VD). The parafovea was
defined as a ring around the fovea with an inner ring diameter
of 1 mm and an outer ring diameter of 3 mm. The percentage
of total parafoveal area occupied by blood vessels was recorded
as VD.

Adjusted Flow Index (AFI) and Percentage Area of
Nonperfusion (PAN). The noise level for each eye was
determined as the average mean pixel intensity of three areas
within the foveal avascular zone (FAZ) selected with a 30-pixel
radius circle on the SCP angiogram. All pixels with intensities
above this noise level were interpreted as vessels, whereas
those with intensities below this threshold were considered
nonperfusion for each vascular layer. The AFI, a surrogate for
flow index, was calculated as the average decorrelation value
of all the pixels over the noise threshold for the SCP, MCP, and
DCP, thereby correcting for background noise. PAN was
defined as the percentage of pixels below the threshold in
each layer.

TABLE 1. Demographic and Disease-Related Subject Characteristics

Subject Characteristics Healthy Controls DM Without DR NPDR PDR

Number of subjects 26 27 32 27

Male/female* 16/10 7/20 19/13 15/12

Number of eyes 44 44 52 40

Age†, y, mean 6 SD 49.99 6 17.51 57.24 6 9.76 53.69 6 11.56 49.31 6 13.82

LogMAR†, mean 6 SD 0.04 6 0.08 0.08 6 0.096 0.08 6 0.11 0.20 6 0.25

Duration of DM†, y, mean 6 SD – 11.00 6 14.71 17.31 6 12.07 20.76 6 9.21

HbA1c, %, mean 6 SD – 7.50 6 1.60 8.65 6 1.83 8.20 6 2.26

Hypertension prevalence* 6 (23%) 17 (63%) 16 (50%) 22 (81%)

CKD stage

Stage 1 21 (81%) 8 (30%) 5 (16%) 5 (19%)

Stage 2 5 (19%) 6 (22%) 7 (22%) 6 (22%)

Stage 3 0 (0%) 3 (11%) 5 (16%) 5 (19%)

Stage 4 0 (0%) 1 (4%) 1 (3%) 1 (4%)

Stage 5 0 (0%) 0 (0%) 1 (3%) 6 (22%)

Missing – 9 (33%) 13 (41%) 4 (15%)

Treated eyes

Anti-VEGF – 0 (0%) 4 (8%) 3 (8%)

IVTA – 1 (2%) 0 (0%) 0 (0%)

Dexamethasone intravitreal implant – 0 (0%) 0 (0%) 1 (3%)

Focal laser – 0 (0%) 3 (6%) 6 (15%)

PRP – 0 (0%) 1 (2%) 30 (75%)

PPV – 0 (0%) 0 (0%) 3 (8%)

No treatment – 0 (0%) 44 (85%) 9 (23%)

IVTA, intravitreal triamcinolone acetonide; PRP, pan-retinal photocoagulation; PPV, pars plana vitrectomy.

* Statistically significant at the 0.05 level (2-tailed) via v2 analysis.
† Statistically significant at the 0.05 level (2-tailed) via ANOVA analysis.
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Statistical Analysis

Analyses were conducted in SPSS 24 (IBM Corp., Armonk, NY,
USA) and R (R 3.0.2.; The R Foundation, Vienna, Austria). For
all tests, P values < 0.05 were considered statistically
significant. All data were reported as means and SD. ANOVA
was performed to compare continuous demographic variables
(age, duration of DM, logMAR, and hemoglobin A1c [HbA1c])
across disease groups. Pearson and Spearman correlations
were used to study the association between ordered disease
stage (healthy: 0; DM without DR: 1; NPDR: 2; PDR: 3) and the
demographic variables. Similar methods were used to analyze
parafoveal VD, PAN, and AFI across disease groups in the three
major plexuses. v2 tests were used to analyze dichotomous
variables (sex, hypertension, and DM type) while considering
the disease groups as categoric and ordered (Table 1).

Linear mixed-effects models were used (implemented in the
lme4 package in R) to control for sex and age. We considered
random intercepts for patients because eyes from the same
subject could be correlated. The data were analyzed consider-
ing disease severity groups as either a continuous or categoric
variable. With disease severity assumed categoric, we com-
pared major OCTA parameters in healthy eyes to each disease
severity group. Then, models were fit to test whether the DR
groups differed in outcome measures across the three
plexuses. The fitted regression lines for each OCTA parameter
across the disease groups were plotted, comparing the MCP
and DCP with the SCP.

Because sex was found to impact OCTA parameters
independent of disease group, an additional mixed-effects
analysis was conducted to study the interaction between sex
and disease group.

RESULTS

Of 194 eyes eligible for this study, 14 were excluded due to SSI
<50 or presence of significant artifact, leaving 44 eyes from 26
healthy controls, 44 eyes from 27 diabetic patients without

clinical evidence of retinopathy, 52 eyes from 32 patients with
NPDR, and 40 eyes from 27 patients with PDR (Table 1).

We evaluated OCTA parameters across disease severity
groups using the following univariate analyses with consistent
results, ANOVA (Table 2) and Pearson and Spearman correla-
tions (Table 3). In general, VD decreased and retinal non-
perfusion increased significantly in all three plexuses with
worsening DR (Table 2).

Conversely, AFI showed a nonlinear pattern, with an
increase when comparing healthy controls with the DM
without DR group. A post hoc two-tailed t-test comparing
SCP AFI between the two groups resulted in a P value of 0.067.
With advancing stages of DR, AFI decreased in the MCP and
DCP with less prominent changes in the SCP (Fig. 4). Overall,
SCP AFI was the only OCTA parameter in this study that did not
show a significant difference across disease groups in either
the ANOVA or Pearson analyses (Tables 2, 3).

Next, we applied mixed-effects models to adjust for sex and
age, and found that disease severity was a significant modifier
of VD, PAN, and AFI (except SCP AFI) across the three plexuses
when disease groups were considered as a continuous variable,
confirming the univariate results (Table 4). When disease
groups were considered categoric variables, the mixed-effects
models showed that each disease group could be distinguished
from healthy controls by at least two OCTA parameters in two
plexus layers (Table 4). Elevated SCP PAN and AFI were the
only parameters significantly different between DM without
DR group and healthy eyes.

To investigate how parafoveal VD, PAN, and AFI changed
with DR severity across the three layers, a linear mixed-model
fit was used to compare MCP and DCP parameters with those
in the SCP (Table 5). The model included interactions between
the OCTA parameters and DR severity groups. Only AFI had
significant changes in both the MCP (estimate¼ 3.550e�02, P <
0.001) and DCP (estimate ¼ 3.740e�02, P < 0.001) compared
with the SCP. PAN increased more steeply in the DCP (estimate
¼ 1.102, P ¼ 0.017) relative to the SCP (Table 5), but not
significantly so in the MCP (estimate ¼ 0.409, P ¼ 0.374).

FIGURE 1. Segmentation of three capillary plexuses on OCTA. Left eye of patient with DM without DR. En face (top row) and cross-sectional
(bottom row) OCTA of the superficial (left), middle (center), and deep (right) capillary plexuses. The red and green lines on cross-sectional OCTA
show the segmentation boundaries for each layer.

OCTA Characterization of 3 Vascular Plexuses in DR IOVS j April 2018 j Vol. 59 j No. 5 j 2169



Unexpectedly, the mixed-effects models suggested an
independent and significant effect of sex on several OCTA
parameters (Table 4). SCP and MCP VD, as well as MCP AFI,
appeared to significantly differ by sex when disease stage was
considered a continuous variable. Sex continued to exert an
independent effect on MCP VD when disease stage was
considered a categoric variable.

DISCUSSION

In this study, we used OCTA to quantify the retinal
microvascular structure and perfusion in the three retinal
plexuses, comparing controls with diabetic subjects across a
spectrum of severity. First, we used univariate analyses to
explore the relationship between OCTA parameters and DR
stages (Tables 2, 3). Second, we implemented linear mixed-
effects models to adjust for sex, age, and eyes from the same
subject (Table 4). Using univariate analyses, we found that
changes in OCTA parameters in every plexus (except SCP AFI)
were significantly correlated with DR stage (Tables 2, 3), which

is consistent with our previous study.20 After controlling for
covariates using mixed-effects models, changes in these
parameters remained significant across disease groups, with
the continued exception of the SCP AFI (Table 4). In general,
MCP and DCP OCTA parameters changed in a similar direction
with worsening disease severity.

Our main goal was to characterize changes at each plexus,
with an emphasis on the MCP, and to identify changes in
findings relative to our previous study.20 Prior studies have
shown that the MCP is distinctly affected in DR, with
disproportionately more microaneurysms and capillary
loops.18,26,27 In their study of the three retinal capillary
plexuses, Zhang et al.19 observed significant increases in the
avascular areas of patients with mild NPDR relative to healthy
controls that seemed more pronounced in the SCP and DCP
compared with the MCP. In addition, they noted that the
avascular area was qualitatively lower in the MCP compared
with the SCP and DCP. In our study, PAN, an objective marker
of retinal nonperfusion, was also lower in the MCP compared
with the SCP and DCP in controls and across the spectrum of

FIGURE 2. Quantitative analysis of three capillary plexuses in a series of eyes with increasing disease severity. Columns from left to right: healthy
subject, DM without DR, NPDR, and PDR. Rows from top to bottom: superficial, middle, and deep capillary plexus. Under each image, the vessel
density (density), PAN, and AFI are reported. Overall, density and AFI decreased and PAN increased with severity. Projection artifact is seen as
superficial vessels are cast onto the deeper layers, but was minimized by the exclusion of the hyperreflective plexiform layers in the segmentation
scheme. Arrows represent vascular abnormalities, including microaneurysms, dilated vessels, and neovascularization.
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DR severity (Table 2). However, in contrast to the previously

mentioned report, after controlling for sex and age with a

mixed-effects analysis, our results suggested significant increas-

es in PAN in all three plexuses in the NPDR group compared

with controls. Importantly and distinct from the study by

Zhang et al.,19 we also identified a significant increase in SCP

PAN in the DM without DR group compared with controls

(Table 4). Interestingly, the fitted regression line for DCP PAN

was significantly steeper relative to the other layers (Table 5),

which differs from our previous study results, which found no

difference in the SCP and DCP PAN regression lines.20 This

finding further emphasizes the importance of OCTA segmen-

FIGURE 3. Vascular abnormalities in three capillary plexuses in NPDR and PDR. First two columns are NPDR and last two columns are PDR. SSI is
reported. Rows from top to bottom: SCP, MCP, and DCP. Under each image, the corresponding B-scan shows red flow overlay and red and green
segmentation boundaries. Below B-scans, the vessel density (density), PAN, and AFI are reported. Arrows represent vascular abnormalities,
including microaneurysms, dilated vessels, intraretinal microvascular abnormalities, and neovascularization. Large oval (SCP, left) represents
nonperfusion, small circles (DCP, left) indicate one instance of projection artifact of a microaneurysm from the MCP onto the DCP. Ovals and arrows

on the B-scan correspond to the en face to show the location of the abnormality within the retina. Projection artifact was minimized using our
segmentation scheme, as discussed. Straight dark line in the deep plexus results from a failure in the segmentation algorithm (asterisk).
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tation schemes that consider the MCP separately from the SCP
and DCP.

We also identified a role for sex and age exerting an
independent effect on VD and AFI in the linear mixed-effects
models (Table 4). Because a negative correlation between age
and retinal blood flow and VD has been shown, we focused
our investigations on the effect of sex.28–30 In our results, sex
appeared to have a significant effect on MCP VD across DR
stages (whether continuous or categoric variables), and MCP
AFI when DR stage was considered a continuous variable
(Table 4). Men had a significantly lower MCP VD (estimate ¼
�2.393, P < 0.001) and AFI (estimate¼�1.061e�02, P¼ 0.041)
than women. Differences in ocular blood flow between men
and women have been reported in the past, with sex
hormones postulated to be responsible.31 Additionally, previ-
ous studies have suggested a role for sex in DR progression and
retinal perfusion.32–34 While these data may suggest the MCP is
differentially regulated by sex, we found that after adjusting for
age and correlation between eyes of the same patient in our
mixed-effects analyses, the interaction between sex and disease
severity was no longer significant (data not shown). Based on
these findings and a limited number of studies demonstrating
how sex influences the microvascular changes in DR,35 we
believe that future studies specifically powered to examine the
relationship between sex and vasculature in DR are warranted.

Retinal VD has previously been identified as a marker of
disease severity in diabetic eyes.36 In our mixed-effects model,
parafoveal VD in all three plexuses reliably showed a
significant decrease in eyes with DR compared with healthy
controls (Table 4).37 Nevertheless, we found that only two SCP
parameters (PAN and AFI) distinguished eyes in the DM

without DR group from the healthy control eyes (Table 4).
These early changes in the SCP support previous studies
demonstrating the ability of SCP OCTA parameters to
distinguish healthy eyes from eyes with various stages of
DR,38 and confirm our recent findings identifying increased
SCP AFI and PAN as markers of preclinical microvascular
changes in DM.20

The fact that the SCP AFI was significantly increased when
comparing healthy controls with subjects with DM without DR
in the mixed-effects model was surprising given the univariate
analysis results (Tables 2–4). While raw data showed higher
SCP AFI in DM without DR eyes compared with controls, these
differences were not significant with ANOVA or Pearson/
Spearman analyses (Fig. 4; Tables 2, 3). To investigate this
discrepancy, a t-test comparing SCP AFI between the two
groups was performed (P ¼ 0.067). We believe that using
multivariable models with mixed-effects analyses unveiled an
underlying significant increase in SCP AFI in diabetic eyes
without retinopathy by controlling for the effect of confound-
ers not considered in the univariate analysis. While the
observed patterns in SCP, MCP, and DCP AFI were generally
consistent with those of our recent study, trends in SCP AFI in
NPDR (estimate ¼ �6.630e�04) and PDR (estimate ¼
�2.502e�03) groups were an order of magnitude lower in
value in the current study relative to controls.20 This is likely
due to the removal of the contribution of MCP vasculature
from the SCP AFI in the current study.

This apparent increase in SCP AFI occurred in the setting of
a concurrent increase in SCP PAN, a marker of nonperfusion
(Table 4). This would suggest that while capillary closure
occurs in the superficial retina in DM without DR, the
remaining vasculature within the SCP show relatively increased
retinal blood flow.20 This early increase in retinal blood flow in
DR is consistent with findings from studies in rats and
humans.39,40 Tang et al.41 recently reported an increase in an
OCTA parameter (vessel diameter index) that was correlated
with worsening DR, suggesting widening capillaries and
hyperperfusion. However, other studies have suggested an
initial decrease and then increase in retinal blood flow with
progression of retinopathy.42 Our findings of an increase in SCP
AFI, a parameter approximating blood flow, in eyes with DM
without DR compared with controls would support the former
studies (Table 4). In addition, the MCP and DCP showed
similar, though nonsignificant, trends when comparing DM
without DR with healthy eyes (Table 4; Fig. 4). Notably, when
analyzing AFI in the different plexuses across the spectrum of
DR severity, MCP and DCP AFI appeared to decrease steeply
while SCP AFI decreased more slowly, if at all (Fig. 4). This slow
or absent decline in SCP AFI with DR severity was confirmed
by the linear mixed-effects models, which showed significant

TABLE 2. Analysis of Variance of Optical Coherence Tomography Angiography Parameters by Disease Group

Parameters Healthy Controls, n ¼ 44 DM Without DR, n ¼ 44 NPDR, n ¼ 52 PDR, n ¼ 40 ANOVA

VD, %, mean 6 SD

SCP 48.19 6 2.95 47.58 6 3.63 41.37 6 4.65 38.74 6 3.55 P < 0.001

MCP 56.71 6 2.73 55.73 6 2.60 50.42 6 4.49 47.36 6 3.56 P < 0.001

DCP 59.87 6 3.32 57.84 6 3.46 52.73 6 4.62 48.92 6 3.78 P < 0.001

PAN, %, mean 6 SD

SCP 16.71 6 4.43 20.79 6 7.65 25.35 6 7.69 28.71 6 6.83 P < 0.001

MCP 9.83 6 2.93 12.31 6 4.81 17.98 6 6.36 22.97 6 6.92 P < 0.001

DCP 12.60 6 3.94 14.98 6 5.20 22.15 6 11.35 27.51 6 8.03 P < 0.001

AFI, mean 6 SD

SCP 0.268 6 0.025 0.286 6 0.029 0.275 6 0.034 0.274 6 0.035 P ¼ 0.181

MCP 0.309 6 0.027 0.314 6 0.028 0.288 6 0.037 0.277 6 0.036 P < 0.001

DCP 0.312 6 0.027 0.312 6 0.034 0.282 6 0.040 0.267 6 0.037 P < 0.001

TABLE 3. Pearson and Spearman Correlations Between OCTA Param-
eters and Disease Group

Parameters

Pearson

R Value

Pearson

P Value

Spearman

R Value

Spearman

P Value

VD, %

SCP �0.694 P < 0.001 �0.722 P < 0.001

MCP �0.715 P < 0.001 �0.748 P < 0.001

DCP �0.729 P < 0.001 �0.762 P < 0.001

PAN, %

SCP 0.549 P < 0.001 0.589 P ¼ 0.005

MCP 0.663 P < 0.001 0.685 P < 0.001

DCP 0.583 P < 0.001 0.686 P < 0.001

AFI

SCP �0.062 P ¼ 0.406 �0.083 P ¼ 0.267

MCP �0.384 P < 0.001 �0.396 P < 0.001

DCP �0.450 P < 0.001 �0.448 P < 0.001
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differences between the slopes of SCP AFI and both MCP and
DCP AFI (Table 5).

Flow differences between the capillary networks with
disease progression suggest differential involvement of the
retinal capillary layers.13,43 One possible explanation is that

autoregulation of SCP blood flow may be somewhat preserved
with progressing DR compared with deeper capillary layers,
explaining the relative preservation in flow observed in the
SCP compared with a steep decline at the MCP and DCP.
Another possibility is that dilated, telangiectatic SCP vessels

FIGURE 4. OCTA parameters across disease groups graphed continuously. Columns from left to right: SCP, MCP, and DCP. Rows from top to

bottom: mean values for parafoveal vessel density, PAN, and AFI, respectively, graphically represented across healthy controls, eyes with DM without
DR, NPDR, and PDR. Error bars: 1 SD.

TABLE 4. Linear Mixed-Effects Models of Optical Coherence Tomography Angiography Parameters and Disease Group

Parameter

Disease Groups (Continuous) Disease Groups (Categoric)

Group Sex Age DM no DR vs. HC NPDR vs. HC PDR vs. HC Sex Age

VD, %

SCP �3.351* �1.953* �0.033 �0.787 �6.548* �9.226* �1.365 �0.044

P < 0.001 P ¼ 0.007 P ¼ 0.217 P ¼ 0.444 P < 0.001 P < 0.001 P ¼ 0.058 P ¼ 0.090

MCP �3.236* �2.393* �0.041 �1.425 �6.128* �9.222* �1.992† �0.050†

P < 0.001 P < 0.001 P ¼ 0.069 P ¼ 0.110 P < 0.001 P < 0.001 P ¼ 0.002 P ¼ 0.027

DCP �3.730* �0.956 �0.071* �1.583 �6.842* �10.745† �0.501 �0.083*

P < 0.001 P ¼ 0.133 P ¼ 0.003 P ¼ 0.090 P < 0.001 P < 0.001 P ¼ 0.438 P < 0.001

PAN, %

SCP 3.805* 1.429 �0.066 4.881* 8.689* 11.327* 1.591 �0.074

P < 0.001 P ¼ 0.215 P ¼ 0.124 P ¼ 0.006 P < 0.001 P < 0.001 P ¼ 0.189 P ¼ 0.093

MCP 4.283* 1.791 0.021 2.757 7.892* 12.610* 1.493 0.030

P < 0.001 P ¼ 0.062 P ¼ 0.549 P ¼ 0.055 P < 0.001 P < 0.001 P ¼ 0.134 P ¼ 0.403

DCP 4.950* 2.604 0.024 2.952 9.462* 14.344* 2.182 0.034

P < 0.001 P ¼ 0.054 P ¼ 0.635 P ¼ 0.145 P < 0.001 P < 0.001 P ¼ 0.121 P ¼ 0.505

AFI

SCP �2.188e�03 �1.722e�03 �6.039e�04* 1.600e�02† �6.630e�04 �2.502e�03 2.063e�03 �7.014e�04*

P ¼ 0.340 P ¼ 0.730 P ¼ 0.001 P ¼ 0.030 P ¼ 0.921 P ¼ 0.723 P ¼ 0.684 P < 0.001

MCP �1.236e�02* �1.061e�02† �7.196e�04* 8.480e�03 �1.819e�02* �3.281e�02* �6.276e�03 �8.335e�04*

P < 0.001 P ¼ 0.041 P < 0.001 P ¼ 0.255 P ¼ 0.009 P < 0.001 P ¼ 0.226 P < 0.001

DCP �1.673e�02† �7.247e�03 �8.601e�04† 5.416e�03 �2.677e�02† �4.538e�02† �2.648e�03 �9.786e�04†

P < 0.001 P ¼ 0.207 P < 0.001 P ¼ 0.515 P < 0.001 P < 0.001 P ¼ 0.647 P < 0.001

HC, healthy controls.

* Correlation significant at the 0.05 level (2-tailed).
† Correlation significant at the 0.01 level (2-tailed).
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(precursors of neovascularization) with their higher flow and
decreased vascular resistance contribute to a ‘‘steal phenom-
enon’’ at the deeper layers. In this situation, the increased AFI
in the SCP could be exacerbating ischemia at the MCP and DCP
and contributing to the steeply decreasing AFI at these layers.
Regardless of the pathophysiology, these contrasting changes
in the individual retinal plexuses, which had been inaccessible
to study prior to the advent of OCTA, may explain historic
difficulties in studying retinal blood flow in DR. While retinal
blood flow is undoubtedly affected in DR, the nature of the
effect has been vigorously debated. When assessed globally
(without consideration of the trilaminar capillary structure)
using imaging modalities other than OCTA, blood flow changes
in more severely affected capillary layers could mask changes
in the opposite direction affecting other plexuses, and in turn
lead to controversial results.42,44–47 Similarly, given the stark
differences in AFI observed between the SCP and the other two
plexuses, future OCTA studies should use segmentation
schemes that consider the SCP separately from the deeper
layers.

It is challenging to directly compare the current study
results with those of other studies using different modalities,
such as adaptive optics, due to OCTA’s unique ability to resolve
individual capillary plexuses. That being said, a previous
adaptive optics study found nonsignificant decreases in
parafoveal capillary density in diabetic patients without DR
compared with healthy controls, consistent with our study.48

Other adaptive optics studies have found somewhat contra-
dictory results; for example, regarding capillary diameter in
NPDR patients compared with healthy controls.49,50 Impor-
tantly, there is a notable dearth of systematic studies of retinal
capillary blood flow and depth-resolved capillary changes
using adaptive optics, which would be important contributions
to our understanding of DR.

While strengths of this study include the large patient
cohort, improved segmentation scheme, and robust statistical
models, there are important limitations to consider. These
include the cross-sectional study design as well as differences
in several patient demographics between disease groups, such
as age and breakdown of sex, although we adjusted for these
demographic differences in our mixed-effects analyses. Impor-
tantly, we were not able to adjust for differences in treatment
between the groups, particularly in eyes with PDR, which
could affect OCTA outcome measures. An additional limitation
is the use of a 3 3 3-mm2 area of OCTA imaging, which does
not address more peripheral retinal changes.51 Other limita-
tions include the lack of projection resolution, as well as
occasional segmentation failure leading to segmentation
artifact. However, the segmentation protocol used for the
MCP was centered on the INL and excluded the hyper-
reflective inner plexiform layer and outer plexiform layer
where projection artifact would typically be most prominent.

In summary, we used objective OCTA parameters to
quantify vascular changes at each of the individual retinal
capillary plexuses in DR. In general, our study shows that
vessel density, perfusion, and blood flow in the MCP and DCP
largely follow similar trends with worsening DR. In contrast,
changes at the SCP are significantly different, suggesting
potential areas for future study, as well as emphasizing the
need for segmentation schemes that consider the MCP
separately. In addition, we confirm our recent finding of SCP
PAN and AFI as the only biomarkers capable of distinguishing
eyes of subjects with diabetes before the onset of clinically
apparent DR from healthy control eyes, with higher statistical
significance as the SCP is considered individually (after MCP
segmentation).20 Other notable findings include nonlinear
patterns of blood flow changes with advancing DR stage (at
all capillary layers) as well as a significant effect for sex on
several MCP OCTA parameters. Larger scale studies are needed
to further explore the effect of sex on the different capillary
plexuses in DR.
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