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PURPOSE. The purpose of this study was to evaluate differences in optical coherence
tomography angiography (OCTA) metrics in the superficial (SCP), intermediate (ICP),
and deep (DCP) vascular plexuses across diabetic retinopathy (DR) severity levels.

METHODS. This was a cross sectional observational retrospective chart review study. Eligi-
ble patients with diabetes who underwent same day RTVue XR Avanti OCTA, spectral-
domain optical coherence tomography (SD-OCT), and 200-degree Optos ultrawide field
color imaging. SCP, ICP, and DCP vessel density (VD) and vessel length density (VLD)
were assessed using 3-D projection artifact removal software (PAROCTA) software.

RESULTS. Of 396 eyes (237 patients), 16.1% had no DR, 26.9% mild nonproliferative DR
(NPDR), 21.1% moderate NPDR, 12.1% severe NPDR, 10.1% proliferative DR (PDR) with-
out panretinal photocoagulation (PRP), and 13.4% PDR with PRP. When comparing mild
NPDR to no DR eyes, ICP and DCP VD and VLD were significantly lower, but there
was no difference for SCP metrics. In eyes with more severe DR, there were significant
differences in SCP VD and VLD between DR severity levels (mild versus moderate NPDR:
VD 35.45 ± 3.31 vs. 34.14 ± 3.38, P = 0.008 and VLD 17.59 ± 1.83 vs. 16.80 ± 1.83,
P = 0.003; moderate versus severe NPDR: VLD 16.80 ± 1.83 vs. 15.79 ± 1.84, P = 0.019),
but no significant differences in ICP or DCP.

CONCLUSIONS. Although VD of each of the three individual layers decreases with increasing
DR severity, DR severity has a substantially different effect on OCTA parameters within
each layer. Vascular changes in eyes with no to early DR were present primarily in the
deeper vascular layers, whereas in eyes with advanced DR the opposite was observed.
This study highlights the effects of ICP and the importance of assessing SCP and DCP
changes independently across each DR severity level.
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Optical coherence tomography angiography (OCTA) is
an imaging modality that allows the visualization of

retinal microvasculature without the need for the injection of
fluorescein dye.1 This noninvasive technique allows identifi-
cation of three distinct retinal vasculature capillary plexuses:
superficial (SCP), intermediate (ICP), and deep (DCP). This
observed structure replicates that of histological studies on
primates and recent confocal and adaptive optics studies
in humans.2–9 Recent studies suggest that the deeper layers
may be correlated with photoreceptor function and may play
a role in the development of diabetic macular edema and its
response to treatment.10–12 What remains unclear is whether
and how OCTA metrics can reliably classify individual eyes
into distinct diabetic retinopathy (DR) severity levels and
whether those same metrics can equal or surpass traditional
DR grading systems in predicting disease progression and
future visual loss.

There have been several studies evaluating vessel density
(VD) changes associated with increasing DR severity. Most

of these studies relied on bi-laminar rather than tri-
laminar segmentation of the retinal vasculature, which
places portions of the ICP into both the SCP and DCP.13–16 A
handful of studies have segmented the vasculature into three
distinct layers to evaluate SCP, ICP, and DCP but those studies
tended to combine different DR severity levels into a single
group.7,17–19 Combining different DR severities into a single
analysis group risks masking differences between individual
groups because this strategy assumes that changes in VD are
equal and consistent between subgroups of DR severity.

OCTA measurements are also affected by projection
artifacts caused by shadows from superficial blood flow
projected onto deeper layers giving an erroneous perception
of flow.20 Recent data have demonstrated that commercially
available projection artifact removal software (PAROCTA)
from Optovue (Fremont, CA, USA) significantly alters VD
measurements in both the SCP and DCP, with different
effects at different individual DR severity levels.21 PAROCTA
DCP measurements were greater in early DR (no DR and
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mild nonproliferative DR [NPDR]) and SCP measurements
were reduced in eyes with moderate NPDR or worse as
compared with non-PAROCTA measurements.

Those findings suggested that evaluation of VD within
each of the three vascular plexuses, within individual DR
severity levels and with the use of projection artifact removal
software may be important. In this current study, we charac-
terize the differences in VD of individual vascular plexuses
in eyes across all individual DR severity levels utilizing
PAROCTA to accurately segment and quantify the SCP, ICP,
and DCP. We specifically evaluate the correlation of vascu-
lar metrics between SCP and DCP for each DR severity and
assess the importance of evaluating SCP and DCP changes
independently for each specific DR severity.

METHODS

This retrospective chart review study was approved by the
Joslin Diabetes Center (JDC) Institutional Review Board and
adhered to the tenets of the Declaration of Helsinki. Eligible
patients for inclusion in this study were adults with type 1
or type 2 diabetes mellitus (DM) who had received OCTA,
spectral-domain optical coherence tomography (SD-OCT),
and 200-degree Optos ultrawide field (UWF) color fundus
photographs imaging at the JDC for clinical or investiga-
tional purposes between February 15, 2016, and November
26, 2018. Study eyes spanned the full range of DR sever-
ity. Exclusion criteria included spherical equivalent (SE) of
<-6 diopter (D) or >+3 D, nondiabetic macular pathol-
ogy (e.g. retinal vein or artery occlusion, age-related macu-
lar degeneration, etc.), glaucoma, and history of pars plana
vitrectomy. Also excluded were eyes with macular edema
(defined as central subfield thickness [CST] greater than
320 μm in men and 305 μm in women on Heidelberg Spec-
tralis OCT), vitreomacular traction, epiretinal membrane, or
cystoid spaces in the central 3 × 3 mm scans.

Standardized data collection forms were used to record
patient and eye characteristics, including SE, lens status,
HbA1c measured within 3 months of imaging, duration of
DM, type of DM, and presence or absence of hypertension
and hyperlipidemia. In patients with proliferative DR (PDR)
and panretinal photocoagulation (PRP), the time since PRP
to the date of imaging was also calculated. SD-OCT (Heidel-
berg Engineering Co., Heidelberg, Germany) was evalu-
ated for segmentation errors, and any errors were manually
adjusted.

Optos nonsimultaneous stereoscopic, on axis, non-
steered, 200-degree UWF color fundus photographs (Optos
PLC, Dunfermline, Scotland, UK) were graded by a certi-
fied Joslin Vision Network (JVN) grader (M.A.) for Early
Treatment Diabetic Retinopathy Study (ETDRS) DR sever-
ity level.22,23 Eyes with mild NPDR were further graded by
hemorrhage/microaneurysms (H/Ma) into very mild NPDR
(H/Ma <5, ETDRS level 20) and mild NPDR (H/Ma �5,
ETDRS level 35).

Image Acquisition

OCTA imaging was performed using RTVue XR Avanti SD-
OCT device with AngioVue software (Optovue, Fremont, CA,
USA). The device used a light source of 840 nm, with an A-
scan rate of 70,000 scans per second. The macular region
was scanned using 3 × 3 mm scans, which consisted of
304 × 304 line scans. The AngioVue software uses the split

spectrum amplitude-decorrelation angiography algorithm
(SSADA), which has previously been described.1 Angiovue
software versions 2017.1.0.149 and 2017.1.0.151 were used,
which included the 3-D PAROCTA algorithm.

Individual scans were manually evaluated and eyes with
a signal strength index (SSI) < 55 were excluded. OCTA
images with artifacts, including decentration, segmentation
errors, movement artifacts, and defocus, were excluded.20 Of
eyes meeting the initial inclusion criteria of having an SSI >

55, 28 of 424 (6.6%) eyes were excluded for these reasons.
Scans were segmented using previously described

offsets.6,24 In brief, the SCP en face OCTA image was
segmented with an inner boundary of 3 μm below the inter-
nal limiting membrane and an outer boundary set at the
inner plexiform layer (IPL)-inner nuclear layer (INL) junc-
tion. The ICP en face OCTA image was segmented with an
inner boundary set at the IPL-INL junction and an outer
boundary set at 20 μm below the IPL-INL junction. The DCP
en face OCTA image was segmented with an inner boundary
set at 20 μm below the IPL-INL junction and an outer bound-
ary set at 15 μm below the outer plexiform layer (OPL)-outer
nuclear layer (ONL) junction. Composites of all three layers
were generated using the technique described by Park et al.
(Fig. 1).5

Image Processing

The en face OCTA images were exported to ImageJ and
binarized (National Institutes of Health, Bethesda, MD,
USA).13,25,26 After using a “top hat filter,” images were dupli-
cated, with one image being processed using a hessian
filter followed by global Huang thresholding and the second
image being binarized using local median thresholding
(Supplementary Fig. S1). Only pixels common to both
images were used to generate a final image that was
analyzed quantitatively. For each OCTA image, VD was calcu-
lated as the percentage of area occupied by perfused vessels.
The binarized images were then skeletonized, which gener-
ates a 1-pixel wide vascular tree and provides an indication
of the total length of the vessels independent of their diam-
eter. Vessel length density (VLD) was then calculated as a
percentage of the total vascular length divided by the total
area. There is currently a lack of uniformity with regard to
nomenclature of OCTA metrics in the literature.27 However,
given that that most OCTA research utilizing the Optovue
device (the same device that was used in the current study)
and the device’s own proprietary software refer to these
metrics as VD and VLD we opted to do the same.

STATISTICS

The Shapiro-Wilk test was used to test for normality. Pearson
and Spearman correlations were conducted between VD and
VLD in different vascular layers and ocular/systemic parame-
ters. Pearson correlation was done for correlation of VD/VLD
parameters in eyes with PDR with the duration of PRP and
duration of PDR. Mixed-effects models correcting for corre-
lation between assessment of eyes from the same individual,
SSI, age, CST, SE, and duration of DM compared VD and VLD
differences within each vascular plexus across different DR
severity levels. Bonferroni correction for multiple analyses
was included in these models. In addition, using the same
model, the interaction among the three vascular plexuses
was done to evaluate changes in both early and late DR.
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FIGURE 1. Changes in the three vascular layers; superficial capillary plexus (SCP), intermediate capillary plexus (ICP), and deep capillary
plexus (DCP) with increasing diabetic retinopathy (DR) severity levels. Using PAROCTA software segmentation of the ICP and DCP shows
no projection artifacts. SCP, ICP, and DCP vessel density and avascular areas increase with increasing DR severity. A composite (far right
column) of the three vascular layers demonstrates that distinct layers and vascular plexuses.

TABLE 1. Patient Characteristics

N = 237 Patients Mean ± SD or N (%)

Age, years 51.50 ± 14.71
Female 103 (43.4)
Type 1 DM 172 (72.5)
Duration of DM, years 28.81 ± 16.37
HbA1c (%) 7.92 ± 1.53
Hypertension 132 (55.8)
Hyperlipidemia 145 (61.1)

DM, diabetes mellitus; N, number; SD, standard deviation.

We used SPSS statistical software version 23 (SPSS, Inc., IBM
Company, Chicago, IL, USA) for statistical analysis. A P value
of < 0.05 was considered significant for these exploratory
analyses.

RESULTS

The study evaluated 396 eyes of 237 patients with a mean
duration of DM 28.8 ± 16.4 years and mean HbA1c of 7.9
± 1.5%, 43.4% of whom were women, and 72.5% of whom
had type 1 DM (Table 1). Within this study cohort, 16.1% had
no DR, 26.9% had mild NPDR, 21.1% had moderate NPDR,
12.1% had severe NDPR, 10.1% had PDR without PRP, and
13.4% had PDR with PRP (Table 2). Of eyes with mild NPDR;

36 eyes (33.6%) had < 5 H/Ma on color fundus photographs.
DR severity was not associated with significant differences in
SSI, quality index (QI), CST, or SE. In total, 9 eyes had focal
laser and the duration since focal laser therapy at the time
of imaging was 5.2 ± 2.9 years (Table 2).Both VD and VLD
decreased sequentially with increasing DR severity within
each of the three individual vascular plexuses (P < 0.001
for DR severity association with VD or VLD within each
layer [SCP, ICP and DCP]; Fig. 2, Supplementary Table S1).
Indeed, VD and VLD measurements were significantly differ-
ent between groups for most pairwise comparisons of eyes
differing by two or more steps in DR severity.

For SCP metrics, there were no significant differences
between eyes with no DR versus mild NPDR (Fig. 2). There
was also no difference between eyes with mild NPDR and
< 5 H/Ma versus those with ≥ 5 H/Ma (Supplementary
Table S2). However, there was a significant difference in
SCP VD and VLD between eyes with mild and moderate
NPDR (VD: 35.45 ± 3.31 vs. 34.14 ± 3.38, P = 0.008 and
VLD: 17.59 ± 1.83 vs. 16.80 ± 1.83, respectively, P = 0.003),
and between eyes with moderate and severe NPDR for SCP
VLD (16.80 ± 1.83 vs. 15.79 ± 1.84, respectively, P = 0.019).
There was no significant difference found in SCP variables
between eyes with severe NPDR and PDR. There was a
significant decrease in VD SCP between all eyes with a DR
severity level difference of two steps or greater (P < 0.001
for all pairwise comparisons; Fig. 2).
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TABLE 2. Ocular and Scan Characteristics of Study Eyes Grouped by DR Severity

N = 396 Eyes No DR Mild NPDR
Moderate
NPDR Severe NPDR PDR (no PRP)

PDR (with
PRP)

Scan Characteristics
Mean ± SD Or N (%)

Eyes (%) 64 (16.1) 107 (26.9) 84 (21.1) 48 (12.1) 40 (10.1) 53 (13.4)
SSI, mean ± SD 72.96 ± 7.70 71.65 ± 7.49 71.77 ± 8.62 71.43 ± 9.43 69.83 ± 7.66 69.24 ± 7.92
Quality Index 7.82 ± 1.30 7.77 ± 1.05 7.52 ± 1.28 7.74 ± 1.18 7.68 ± 1.02 7.33 ± 1.94

Ocular Characteristics
Mean ± SD Or N (%)

Central Subfield
Thickness, μm

276.95 ± 21.00 273.81 ± 26.35 270.48 ± 28.88 277.85 ± 33.29 274.25 ± 25.34 269.30 ± 45.31

Spherical
Equivalent

−1.18 ± 0.256 −1.06 ± 0.20 −0.74 ± 0.22 −0.74 ± 0.30 −1.72 ± 0.32 −0.94 ± 0.28

Phakic 58 (90.6) 85 (79.4) 70 (83.3) 46 (95.8) 37 (92.5) 38 (71.7)

Treatment History anti-VEGF n/a 3 0 4 10 9
PRP n/a n/a n/a 2 0 53

Focal laser n/a 1 1 3 1 3
PPV n/a 0 0 0 0 0

DR, diabetic retinopathy; NPDR, non proliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; PPV, pars plana vitrectomy;
PRP, panretinal photocoagulation; SSI, signal strength index; SD, standard deviation; n/a, not applicable.

FIGURE 2. Box-plots illustrating changes in all three vascular plexus with increasing diabetic retinopathy (DR) severity. Figure illustrates
that with increasing DR severity, all three vascular plexuses show a decreased vessel density (VD) and vessel length density. Looking at
stepwise changes, the VD and vessel length density (VLD) in intermediate and deep capillary plexuses (ICP and DCP, respectively) but not
the superficial capillary plexus (SCP) is significantly lower in eyes with mild nonproliferative DR (NPDR) compared to those with no DR.
With more advanced DR the DCP was not significantly lower between eyes within one DR severity while the VD/VLD SCP was significantly
lower in eyes with moderate NPDR compared to those with mild NPDR and the VLD SCP was significantly lower in eyes with severe NPDR
compared to those with moderate NPDR. Pair wise comparisons were performed using mixed models correcting for correlation of two eyes,
CST, Age, SSI, SE and duration of DM. The P value is Bonfreroni-adjusted with significance being < 0.05.

In contrast to the SCP, ICP and DCP VD were signifi-
cantly lower in eyes with mild NPDR (ICP: 33.12 ± 2.96,
P < 0.001; DCP: 34.18 ± 3.20, P < 0.001) compared with
those with no DR (ICP: 35.78 ± 94, DCP: 37.52 ± 3.60;
Fig. 2). A significant difference from eyes with no DR was
detected even in eyes with very early mild NPDR and
H/Ma < 5 (ICP; 33.54 ± 2.84, P < 0.001; DCP: 35.70 ±
2.83, P = 0.009; Supplementary Table S2). In eyes with

more advanced DR (Fig. 2), ICP and DCP did not demon-
strate significant differences between eyes that differed by
a single DR severity level, except for DCP VD, which was
lower in eyes with PDR compared with those with severe
NPDR (31.02 ± 3.23 vs. 33.18 ± 4.17, P = 0.02). When
comparing eyes with a two or more step DR severity differ-
ence, both DCP and ICP metrics were significantly different,
with the only exception being between eyes with mild and
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FIGURE 3. Forest plot showing the differences in vessel density (VD) across the three vascular plexuses between different diabetic retinopathy
severity levels after correcting for the other vascular plexuses, age, central subfield thickness, spherical equivalent and correlation between
both eyes. Between eyes with no DR and mild NPDR; only the DCP Is significantly lower while between different levels of NPDR only
the SCP was significantly lower. However, between all eyes with NPDR and those with PDR, the SCP and to a lesser extent the DCP was
significantly lower.

severe NPDR (Fig. 2). ICP and DCP VLD followed the same
trends as VD between DR severity levels. Given the potential
confounding effects of the foveal avascular zone (FAZ) on
VD measurements, two sensitivity analyses were conducted
to determine if the results were independent of the increas-
ing size of the FAZ with increasing DR severity (Supple-
mentary Table S3). The first analysis corrected for FAZ area
in the mixed model in addition to the other confounders
previously described. A second analysis excluded the FAZ
from the total macular area and calculated the VD from the
remaining area. Both analyses found similar results as the
primary analysis, with limited effects of the FAZ on either the
overall trend or the pairwise comparisons (Supplementary
Table S4).

Multivariate modeling was performed to evaluate the rela-
tive strength of associations of VD or VLD in each of the

three different vascular plexuses with DR severity. When
SCP, ICP, and DCP metrics were all included in a model
comparing eyes with no to mild NPDR, only DCP vari-
ables remained significantly associated with DR severity
(Point Estimate (PE) −0.08, 95% confidence interval [CI]:
−0.13 to 0.04, P = 0.001; Fig. 3). In contrast, in eyes with
NPDR, only the SCP was significantly related to increas-
ing DR severity level (PE −0.014, 95% CI: −0.19 to −0.09,
P < 0.001). When comparing eyes with NPDR to those
with PDR, both the SCP and DCP VD were significantly
lower in eyes with PDR (SCP: PE −0.03, 95% CI: −0.04
to −0.01, P = 0.001; DCP: PE −0.02, 95% CI: −0.04 to
< 0.01, P = 0.013; Fig. 3).

Of 93 eyes with PDR, 40 eyes had no PRP and 53 eyes
had previous PRP (Table 3). The mean time since PRP was
10.77 ± 11.02 years (range 0.81 – 38.71 years). In eyes with
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TABLE 3. VD and VLD in Eyes with Proliferative Diabetic Retinopathy with and without PRP

PDR No PRP (40)
Mean ± SD

PDR PRP (53)
Mean ± SD

P Value Comparing Eyes with
no PRP (40) vs. PRP (53)*

P Value Comparing Eyes with no PRP
(29) vs. PRP (44) (Excluding Eyes with

History Anti-VEGF)*

VD SCP (%) 31.25 ± 4.04 30.68 ± 3.54 0.47 0.62
VLD SCP (%) 15.30 ± 2.22 14.80 ± 1.87 0.25 0.35
VD ICP (%) 29.85 ± 2.83 30.52 ± 3.35 0.32 0.21
VLD ICP (%) 14.99 ± 1.52 15.22 ± 1.71 0.50 0.32
VD DCP (%) 31.04 ± 3.10 31.00 ± 3.51 0.96 0.80
VLD DCP (%) 15.72 ± 1.85 15.59 ± 1.88 0.75 0.89

* Independent t-test, P value significant at < 0.05.
PDR, proliferative diabetic retinopathy; SCP, superficial capillary plexus; ICP, intermediate capillary plexus; DCP, deep capillary plexus;

VD, vessel density; VLD, vessel length density.
Mean duration of PRP years 10.77 ± 11.02, range 0.81 – 38.71.

FIGURE 4. Correlation of vessel density (VD) between the different vascular plexuses. The central line is the best fit regression line and
the lines above and below represent the 95% confidence interval of the mean. The superficial capillary plexus (SCP) was only moderately
correlated with both the intermediate capillary plexus (ICP) and deep capillary plexus (DCP) while the ICP and DCP were strongly correlated
with each other.

PDR, there were no significant differences in SCP, ICP or DCP
VD, or VLD between eyes with or without PRP (Table 3).
Even after excluding eyes with a history of anti-VEGF ther-
apy in either group (29 eyes without PRP and 44 eyes with
PRP remaining) there were still no significant differences
between PDR eyes with and without PRP. VD did not corre-
late with time elapsed since PRP in any of the three vascular
layers (SCP; r < 0.01, P = 0.98, ICP; 0.29, P = 0.05, r 0.04,
P= 0.81). Similarly, VLD did not correlate with time duration
since PRP.

The mean decrease in VD from no DR to PDR was
not significantly different between the SCP (-5.92\%), ICP
(-5.55%), and DCP (-6.5%). However, for all eyes, SCP VD
was only moderately correlated with ICP VD (r = 0.44,
P < 0.01) and DCP VD (r = 0.33, P < 0.01; Supplemen-
tary Table S5, Fig. 4). When stratifying by DR severity level,
SCP and DCP VD had no to a weak correlation. ICP and DCP
VD were more strongly correlated both in the overall cohort
(r = 0.66, P < 0.01) and within each DR severity level
(Supplementary Table S5, Fig. 4).

Although statistically significant associations were
present between SE and both SCP and ICP VD, these
correlations were weak (SCP: r = −0.16, P = 0.002,
ICP: r = −0.15, P = 0.004), as were statistically signif-
icant correlations between CST and SCP and DCP VD
(SCP: r = 0.16, P = 0.003, DCP: r = 0.20, P < 0.001).
Duration of DM was weakly and negatively correlated with
VD of all three vascular plexuses (SCP: r = −0.14, P =

0.005, ICP: r = −0.12, P = 0.017, and DCP: r = −0.21, P
< 0.001). Age was only correlated with VD ICP (r = 0.14,
P = 0.005). HbA1c and the presence of hypertension or
hyperlipidemia were not correlated with VD or VLD within
any of the vascular plexuses.

DISCUSSION

These data demonstrate that when using PAROCTA software,
vascular density of all three layers decreases with increas-
ing DR severity. However, DR severity has significant and
different effects on each of the parameters. In this cohort,
vascular changes from no to early DR were present primarily
in the deeper vascular layers (ICP and DCP) with approxi-
mately 50% of the total deeper layer difference in VD and
VLD from no DR to PDR occurring between eyes with no
DR and mild NPDR. As DR severity increased, the difference
in VD in deeper layers became less profound.

In contrast, SCP density measurements were similar in
eyes with no versus mild NPDR with only 20% of the total
SCP decrease in VD across all DR severity levels accounted
for by VD differences between eyes with no DR and mild
NPDR. However, SCP VD and VLD metrics demonstrated
a proportionally greater decline across severity levels in
more advanced DR. The lack of correlation between SCP
and DCP vascular metrics for each DR severity suggests
that changes in each vascular plexus within an individual
eye may be at least partially independent of one another.
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Although previous studies have documented decreasing VD
with increasing DR severity, these prior investigations have
generally combined DR severity levels into groups, such as
mild-moderate NPDR,8,28,29 moderate-severe NPDR,13,14,30 or
considered NPDR as a single group.15–17 Furthermore, few
studies have evaluated the ICP as a distinct plexus from
either the SCP or DCP.5,8,31

To the best of our knowledge, this is the first study
to investigate VD and VLD differences within all three
vascular layers utilizing PAROCTA software to correct for
projection artifacts and to do so across all individual
DR severity levels. Only a few previous studies have
either utilized projection artifact removal or segmented
the retina into three distinct vascular plexuses.8,17,32,33

Utilizing PAROCTA as compared with software without
projection artifact removal, VD measurements in eyes with
moderate and severe NDPR were significantly lower in the
SCP but higher in the DCP.21 Thus, in prior studies, DCP VD
differences between eyes with NPDR may have been arti-
factually inflated. Segmentation of the retinal anatomy into
three layers reduces or removes the influence of the ICP on
the DCP, which occurs when only segmenting two vascular
layers. This is important as the ICP generally behaves more
similarly to the DCP than the SCP when evaluating SCP VD
measurements.

This study demonstrates that differences in the ICP
and DCP across DR severity levels tend to be similar, as
previously noted by Onishi et al.17 Similarities between
these plexuses may be attributable to their location in a
watershed zone with high metabolic 02 requirements.34–36

Leahy et al. found that there are significantly greater connec-
tions between the ICP/DCP than between the ICP/SCP or
DCP/SCP.37 It has been postulated that combining informa-
tion from all three vascular plexuses may increase the over-
all ability of OCTA to differentiate healthy eyes from those
with DR.8 However, even if the ICP does not prove clin-
ically significant by itself, separating it from the SCP will
allow more accurate evaluation of vascular changes in the
SCP across various DR severity levels. Given that the ICP
behaves similarly to the DCP, its inclusion in SCP segmenta-
tion can give a false impression of VD change in early DR
when, in fact, this might not be present. The segmentation of
three rather than two layers in this study further unmasked
SCP-specific VD changes in eyes with more advanced DR
severity. Hence, whereas the ICP in itself does not appear to
add additional information to that provided by the DCP, its
separation from the SCP is integral to adequate analysis of
eyes with varying DR severity.

The finding that deeper vascular layers are more likely to
be affected in eyes with minimal DR (<5 H/Ma) compared
to no DR is novel. Most previous studies evaluating early DR,
have either combined mild and moderate NPDR groups8,28

or clumped all the NPDR grades into one.15,17,38,39 There
have been previous reports that in eyes with no DM and
those with DM but no DR, a phase immediately preceding
that evaluated by the current study, VD in the three vascular
layers did not change but was associated with a significantly
greater avascular area in the SCP.8,17 It was suggested by
Onishi et al., that early SCP VD changes may be masked
by an associated increase in vascular flow (measured by
pixel intensity), dilation and increased tortuosity related to
a possible “steal phenomena” from deeper layers.19 It is
possible in eyes with minimal DR that decreases in SCP
vascular density may be similarly masked by increased
flow and vascular dilation. Studies by Hagag et al., have

demonstrated that individual vascular plexuses were inde-
pendently autoregulated with only the DCP demonstrating
a response to hyperoxia.40 Thus, the reductions in DCP VD
detected on OCTA in this study may reflect true vascular
loss, decreased flow secondary to vasoconstriction that falls
below the threshold for detection by OCTA, or a combina-
tion of both factors.

Another interesting finding in this study is the lack of
differences in OCTA parameters between eyes with PDR
with or without PRP. PRP has been shown to decrease blood
flow in larger blood vessels in the posterior pole secondary
to decreased viable retinal tissue and improved oxygena-
tion.41,42 Furthermore, retinal arteriolar diameter signifi-
cantly decreases after PRP.43 It might therefore be expected
that OCTA vascular parameters would be decreased after
PRP. However, the current study, which included eyes aver-
aging 10.8 years following PRP, is consistent with findings
from two recent prospective 6-month studies that found no
significant differences in VD after PRP.44,45 In addition, the
mean duration of time since PRP did not correlate with VD
measurements in any of the vascular layers. One possible
explanation is that the increase in the retinal vascular regula-
tory response to hyperoxia affects the larger blood vessels to
a greater extent than the smaller macular capillary vessels.41

It is also possible that eyes with PDR already have substan-
tial VD loss and, hence, subsequent changes are minimal due
to a “floor” effect. Another possibility is that PRP stabilizes
central VD perhaps due to subsequent known oxygenation
and VEGF changes in the eye.46 Finally, it is important to
note that the OCTA metrics in this study describe absence
or presence of flow but do not quantify it.47 Fawzi et al.,
using a surrogate for flow (adjusted flow index [AFI]) found
that while VD remained unchanged, increased AFI suggested
increased redistribution of flow to the posterior pole in eyes
with PDR that had received PRP.45 In clinical terms, the lack
of significant differences between eyes with and without
PRP in this study supports combining eyes with and without
PRP in a single PDR group when analyzing VD and VLD in
future studies.

Strengths of this study include the large number of eyes in
each DR severity group allowing adequate step wise compar-
ison between DR severity levels. We excluded eyes with
central retinal thickening or morphologic changes due to
DME, which might have contributed artifacts to imaging of
the deeper layers.20 Finally, we utilized PAROCTA software
that removes projection artifacts from deeper layers because,
as initially suggested by our group, this affects DCP and SCP
measurements differently depending on DR severity.48 Limi-
tations of the study include its cross sectional nature, which
does not allow us to draw conclusions about changes in VD
or VLD in an individual diabetic eye over time. The current
study did not explore other OCTA metrics, such as fractal
dimension, AFI, or avascular areas. In addition, there was a
high percentage of patients with type 1 (72.5%) versus type
2 DM (27.5%). However, unlike recent reports suggesting
distinct vascular changes between eyes with type 1 and type
2 DM, an analysis of this dataset did not reveal an interac-
tion between type of DM and changes in VD with increas-
ing DR severity whether in early or more advanced DR.49

Furthermore, because of the relatively large cohort of eyes
in the current study, the total number of eyes of patients
with type 2 DM are comparable to previously reported
cases.33,49,50 Although this study used manual segmentation
of the three vascular layers with starting point offsets that
were previously described for normal eyes,24 we manually



Vessel Density in the Three Vascular Plexuses in DR IOVS | August 2020 | Vol. 61 | No. 10 | Article 53 | 8

checked each individual B-scan and en face image to ensure
that the offset locations conformed as closely as possi-
ble to their expected OCTA locations and that the config-
uration of the vascular plexuses resembled those previ-
ously described.5,6 Another limitation of the current study
is the particular binarization technique utilized. Although
this method has been used in previous studies, the lack of a
particular gold standard and the lack of agreement in current
OCTA literature as to the best technique makes it uncer-
tain whether this or another technique is superior.13,21,25,26

Recent work by Mehta et al. has highlighted that differ-
ent thresholding techniques significantly affect quantitative
measurements and suggests that the results of a single tech-
nique may only be valid for that method of binarization.51

The results of the current study should be evaluated with
that consideration in mind. Finally, although we corrected
for SE and limited phakic eyes to those with SE from −6
to +3 D, we did not correct for axial length, which has
been shown to affect SCP VD by +2 to −3% compared
to the uncorrected SCP VD. Effects on the DCP are still
unknown.52

Another potential limitation of the study was the inclu-
sion of eyes with prior anti-VEGF therapy and focal laser.
However, the percentages of eyes in the cohort with a history
of either anti-VEGF therapy (N = 26, 6.6%) or focal laser
(N = 9, 2.3%) were small. Although we cannot rule out an
effect of these treatments on VD measurements, the small
number of eyes that had undergone prior therapy lessens the
chance of confounding from this factor. Furthermore, in the
current study, the vast majority of eyes that had received anti-
VEGF treatment were in the PDR group (19/26). A sensitivity
analysis was conducted excluding eyes with prior anti-VEGF
that demonstrated consistent findings as in the whole cohort
(Table 3). A secondary analysis from a recent prospective
study, the RECOVERY trial, showed that anti-VEGF injections
had no significant impact on VD measurements in either the
SCP or the DCP.53

In conclusion, although vascular density of each of the
three individual layers decreases with increasing DR sever-
ity, DR severity has a significantly different effect on OCTA
parameters within each layer. Vascular changes in eyes with
no to early DR were present primarily in the deeper vascular
layers (ICP and DCP), whereas in eyes with advanced DR
the opposite was true. Although no correlation was found
at any DR severity between SCP and DCP VD or VLD, ICP
metrics closely correlated to DCP measurements. This study
thus highlights the importance of assessing SCP and DCP
changes independently across each DR severity level and
indicates that three-layer evaluation should provide better
data on SCP and DCP changes by limiting the confounding
effect of the ICP on the DCP. Further prospective, longitudi-
nal studies should evaluate the pathophysiology and mech-
anisms behind these differential plexus changes as well as
whether these metrics can be used successfully to predict
DR worsening or improvement in individual eyes.
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