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Abstract
Purpose Previously, we measured retinal large vessels and capillaries separately on optical coherence tomography angiography
(OCTA). In the present study, we aim to evaluate the role of these parameters in association to diabetic macular edema (DME)
and ellipsoid zone disruption (EZD).
Methods In this cross-sectional study, 54 eyes from 31 patients (10 females, 31 Asians) with severe non-proliferative diabetic
retinopathy (25 eyes) or proliferative diabetic retinopathy (PDR, 29 eyes) were enrolled. All eyes underwent 3 × 3mmOCTA scans
centered on the fovea. Perfusion density (PD), vessel length density (VLD), and vessel diameter index (VDI) were calculated for
retinal large vessels and superficial capillaries separately. Other OCTA findings included suspended scattering particles in motion
(SSPiM), number of microaneurysms (MA) in all retinal layers, and the area of foveal avascular zone (FAZ) of superficial capillary
plexus. DME and EZD were evaluated on B-scans. Both univariate and multivariate analysis were performed.
Results Of the 54 study eyes, 31 (57%) had DME and 21 (40%) had EZD. Multivariate regression model showed that PDR (β =
27.8, 95% confidence interval (CI): 2.7–282.8, p = 0.005), moreMA (β = 2.5, 95% CI: 1.3–4.5, p = 0.003), and increased VDI of
larger vessels (β = 1.9, 95% CI: 1.0–3.5, p = 0.047) were risk factors for DME. As for EZD, presence of SSPiM (β = 5.5, 95%CI:
1.2–26.1, p = 0.032) and increased VDI of capillaries (β = 3.9, 95% CI: 1.1–13.8, p = 0.034) were risk factors.
Conclusions In eyes with diabetic retinopathy, dilation of retinal larger vessels was associated withmacular edema, while dilation
of retinal capillaries was associated with ellipsoid zone disruption.
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Key Message:

In our previous study, retinal large vessels were successfully segmented from superficial capillary plexus on

OCTA en face images, and we found that retinal large vessels and capillaries responded differently in the

context of diabetes.  

The present study revealed that vessel diameter index (VDI) of retinal large vessels was positively correlated

with diabetic macular edema

We also found that the increased VDI of retinal capillaries was associated with photoreceptor loss.
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Introduction

Diabetic macular edema (DME) and ellipsoid zone disruption
(EZD) are common causes of visual impairment in patients
with diabetic retinopathy [1, 2]. In recent years, optical coher-
ence tomography angiography (OCTA) has been widely used
to evaluate the microvasculature of diabetic retinopathy [3].

Several diagnostic markers on OCTA have been reported
to be correlated to the development of DME or EZD. One
prospective study revealed that vessel density of superficial
capillary plexus (SCP) predicted the development of DME
[4]. While another study reported that the vessel density and
foveal avascular zone (FAZ) of deep capillary plexus (DCP)
were associated with DME [5]. In some cross-sectional stud-
ies, deep capillary nonperfusion [6] and vessel density mea-
surements in both SCP and DCP [7] were found to be associ-
ated with disruption of outer retinal layers. Results related to
SCP were not quite consistent. The retinal SCP includes cap-
illaries and larger vessels (arterioles and venules) and these
two types of vessels might act differently in association with
DME or EZD.

In our previous study, retinal large vessels (arterioles and
venules) and superficial capillaries were separately auto-
segmented and measured based on OCTA. We found that
perfusion density (PD) of retinal capillaries significantly de-
creased while the PD of retinal large vessels increased with
more severe diabetic retinopathy [8]. Consequently, in this
present study, we aim to investigate relevant DME and EZD
prognostic markers with distinct evaluation of retinal larger
vessels and capillaries on the OCTA en face images.

Methods

Image acquisition

In this cross-sectional study, patients diagnosed with severe
non-proliferative diabetic retinopathy (sNPDR) or prolifera-
tive diabetic retinopathy (PDR) in one or both eyes were en-
rolled. Clinical diagnosis was made by dilated fundus exam-
ination performed independently by two retina specialists.
Eyes were excluded if (1) refractive media was unclear to
acquire a gradable image; (2) other confounding retinal dis-
eases possibly affecting vascular or macular function were
present, for example, retinal vein occlusion, retinal artery oc-
clusion, advanced age-related macular degeneration, or mac-
ular hole; and (3) refractive error<− 6.0D or > 3.0D.

All eyes underwent at least one 3 × 3 mm OCTA scan
(AngioPlex 10.0, Cirrus HD-5000, Carl Zeiss Meditec Inc.,
Dublin, CA) centered on the fovea. Scans were repeated if
obvious motion artifacts, decentered macula, or a low signal
strength (SS < 7) were detected. The study was approved by
the Institutional Review Board of the First Affiliated Hospital

of Xi’an Jiaotong University and conducted in accordance
with the ethical standards stated in the Declaration of
Helsinki. Written informed consent was obtained from all in-
dividuals prior to their participation in the study.

Image processing and grading

En face images of superficial capillary plexus (SCP, automat-
ically segmented from the internal limiting membrane to the
defined boundary of inner plexiform layer) were generated by
the AngioPlex software (version 10. 0). Image-manipulating
process has been described in our previous study [8].
Perfusion density (PD, defined as the percentage of the vessels
within 1- to 3-mm ring centered on the fovea) and vessel length
density (VLD, defined as the vessel length per unit area) of the
retinal total vasculature and large vessels (PDlarge andVLDlarge)
(Fig. 1) were generated separately using a proprietary software
developed by our group [9]. Retinal large vessels were defined
as the arcades and their first and second branches. The test of
this segmentation accuracy has been reported in our previous
study [8]. The PD and VLD of retinal superficial capillaries,
specified as PDcap and VLDcap, were calculated by extracting
the corresponding measurements of large vessels from those of
the total vasculature. The vessel diameter indexes of retinal
capillaries (VDIcap) and large vessels (VDIlarge) were calculated
as PDcap/VLDcap and PDlarge/VLDlarge, respectively. Foveal
avascular zone (FAZ) of SCP was manually segmented by a
certified retina specialist (J. L.) and the area was calculated
using Image J (version 2.0.0-rc-43; U.S. National Institutes of
Health, Bethesda, MD).

Additional OCTA parameters were also evaluated. One is
the presence of suspended scattering particles in motion
(SSPiM) described as unanimous patchy non-blood flow high
signals (Fig. 2) on en face images of either SCP or deep cap-
illary plexus (DCP, a layer between the defined boundaries of
the inner and outer plexiform layers). Microaneurysms (MA)
identified as small round or oval hyperreflective lesions [10]
were counted from the whole retinal vasculature (layers com-
posed of SCP, DCP, and the avascular layer). An example of
MAs is shown in Fig. 3.

Both DME and EZD were graded on the OCTA B-scans
corresponding to the 3 × 3 mm en face images. DME was
defined as the presence of retinal thickening, intraretinal cyst,
or subretinal fluid on B-scans. The minimal length of the
ellipsoid zone disruption to qualify as a definite EZD was
250 microns. All image gradings were performed by two in-
dependent retina specialists (J.L. & L.C.). Discrepancies were
resolved by open adjudication to reach a consensus.

Statistics

Spearman’s rho test was used to evaluate correlations between
each candidate factor and DME or EZD. The factors included
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age, gender, stage of diabetic retinopathy (sNPDR or PDR),
and the features on OCTA en face images (PDcap, VLDcap,
VDIcap, PDlarge, VLDlarge, VDIlarge, area of FAZ, number of
MA, and SSPiM). Then, binary logistic regression was applied
to perform multivariate analysis, in which independent vari-
ables were examined separately from statistically significant

ones in the univariate analysis. If PD, VLD, and VDI were
significantly correlated simultaneously in the univariate analy-
sis, only VLD and VDI were included in the multivariate anal-
ysis. SPSS was used for all the statistics (IBM SPSS Statistics
for Windows, Version 19.0. Armonk, NY: IBM Corp). p value
of < 0.05 was considered statistically significant.

Fig. 1 OCTA en face image (3 × 3 mm, centered on the fovea) of
superficial capillary plexus (left). Binarized image with large vessel
segmentations from the left image (middle). Skeletonized image of the

retinal large vessels of the same eye (right). The parameters PDlarge and
VLDlarge were calculated within 1- to 3-mm ring (yellow circles) based on
the middle and the right image, respectively

Fig. 2 OCTA en face image of
superficial capillary plexus
showing positive of suspended
scattering particles in motion
(SSPiM) (yellow arrows)
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Results

Demographics

A total of 54 eyes from 31 patients (10 females, 31 Asians)
were enrolled in this study. Mean age of all patients was 56 ±
10 (32–71) years. Among the 54 eyes, 25 were diagnosed with
sNPDR and the rest 29 eyes were diagnosed with PDR. Fifty-
seven percent of all imaged eyes (31/54) had DME and 40%
(21/54) were confirmed with EZD. SSPiM were found in 24
eyes (44%, 24/54), which were all found to have DME.
Table 1 illustrates the findings related to the number of MA,
area of FAZ, PDlarge, VLDlarge, VDIlarge, PDcap, VLDcap, and
VDIcap.

Imaging biomarkers of DME

The results of univariate analysis are shown in Table 2. DR
staging (r = 0.402; p = 0.003), presence of SSPiM (r = 0.770;
p < 0.001), number of MA (r = 0.477; p < 0.001), PDlarge (r =
0.369; p = 0.006), VLDlarge (r = 0.299; p = 0.028), VDIlarge (r
= 0.342; p = 0.011), and VLDcap (r = − 0.314; p = 0.021) were
found to be correlated with DME. Since SSPiM results from
DME, they were excluded from the multivariate analysis,
which showed that the DR staging (β = 27.8, 95% CI: 2.7–
282.8; p = 0.005), the number of MA (β = 2.5, 95% CI: 1.3–

4.5; p = 0.003), and VDIlarge (β = 1.9, 95% CI: 1.0–3.5; p =
0.047) were independent predictors of DME.

Imaging biomarkers of EZD

Results of the univariate analysis are demonstrated in Table 2.
DR staging (r = 0.284, p = 0.038), presence of SSPiM (r =
0.357, p = 0.008), area of FAZ (r = 0.303, p = 0.026), PDcap (r
= − 0.323, p = 0.017), VLDcap (r = − 0.384, p = 0.004), and
VDIcap (r = 0.403, p = 0.002) were found to be correlated with

Fig. 3 Two definite
microaneurysms (yellow arrows)
on the OCTA en face image of the
whole retina

Table 1 Descriptive values of the OCTA metrics

OCTA metrics Means ± SD Lower boundary Upper boundary

Number of MA 4.3 ± 2.5 0 11

Area of FAZ (mm2) 0.61 ± 0.49 0.25 2.86

PDlarge (%) 8.1 ± 1.6 4.4 11.3

VLDlarge (mm−1) 3.3 ± 0.6 1.6 4.7

VDIlarge (μm) 24.6 ± 1.5 21.9 28.7

PDcap (%) 26.7 ± 3.9 16.8 32.2

VLDcap (mm−1) 14.1 ± 2.5 8.1 18.0

VDIcap (μm) 18.8 ± 0.9 17.5 20.9

FAZ, foveal avascular zone; MA, microaneurysm; OCTA, optical coher-
ence tomography angiography; PD, perfusion density; VDI, vessel diam-
eter index; VLD, vessel length density
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EZD. The multivariate analysis showed that VDIcap (β = 3.9,
95% CI: 1.1–13.8, p = 0.034) and SSPiM (β = 5.5, 95% CI:
1.2–26.1, p = 0.032) were independent predictors of EZD.
However, FAZ had a marginal level of significance (β =
52.9, 95% CI: 1.0–2787.8, p = 0.050).

Discussion

In this study, we found that the development of DME has
much closer relationship with retinal larger vessels than that
of retinal superficial capillaries. The likelihood of DME de-
velopment would increase by 1.9 times if the diameter of
retinal large vessels enlarged by 1 μm, independent of the
severity of diabetic retinopathy. While, as for EZD, the pa-
rameters of retinal capillaries were more relevant. The proba-
bility of EZD would rise by 3.9 times if the superficial capil-
laries dilated by 1 μm.

Sun et al. [4] demonstrated that vessel density of SCP pre-
dicted development of DME. While Lee et al. [5] reported
significant differences in vascular flow density in DCP but
not SCP between DME eyes and non-DME eyes. Another
study found that, in areas of edema where the retinal thickness
was more than 400 μm, 91.3 ± 9.1% of the microaneurysms
were found in the DCP [11]. However, the measurements of
DCP could usually be compromised due to the projection
artifacts and segmentation errors, especially in the settings of
prominent retinal edema. Thus, we did not measure the DCP
and the counting ofMAwas based on the whole retinal layers.
The retinal large vessels defined in this study were the third-
and fourth-grade retinal arterioles and venules in the 3 × 3 mm
en face images centered on the fovea. We hypothesize that

arteriolar and venular dilation could be related to retinal
hyper-perfusion which has high likelihood to cause macular
edema. Previous studies based on color fundus photographs
(CFP) have confirmed that retinal venular dilation was asso-
ciated with DME [12, 13]. Compared to CFP, OCTA provides
more accurate measurements, particularly for smaller vessels.

Ellipsoid zone disruption has been confirmed to contribute
to macular malfunction [2, 14]. It has been suggested that the
dropout of DCP partially contributed to the outer retina disrup-
tion [6, 15]. Ahuja et al. [16] reported central subfield thickness
and cube average thickness as biomarkers for EZD in diabetic
retinopathy. More recently, Borrelli et al. [17] reported the as-
sociation between ellipsoid zone reflectivity and choroidal cap-
illary perfusion density in NPDR, indicating a photoreceptor
damage in retinal choroidopathy. The blood supply of outer
retina comes from the choroidal capillaries. Interestingly, in
our study, EZD was correlated with the measurements of su-
perficial retinal capillaries, and it is the caliber rather than the
amount of capillaries that was more relevant. We believe that
the photoreceptors damage in diabetic retinopathy may not be
simply explained by ischemia causing retinal pigment epitheli-
um atrophy or choroidal neovascularization, which do not con-
stitute frequent findings in diabetic retinopathy. We also hy-
pothesize thatMüller cells which span from the internal limiting
membrane to the outer retina and are critical in maintaining the
retinal structures might be more relevant to the pathogenesis.

Müller cell destruction from chronic hyperglycemia could
result in both retinal capillary dilation and photoreceptor dam-
age. Evidences from previous animal studies have shown that
primary Müller cell loss could lead to photoreceptor
degenerations[18] and retinal telangiectasia [19]. Results from
a previous clinical study also suggest that the same pathogenic

Table 2 Univariate analysis
showing correlations between
each candidate factor and diabetic
macular edema or ellipsoid zone
disruption

DME EZD

Correlation coefficient Significance Correlation coefficient Significance

Age 0.042 0.762 0.056 0.686

Gender − 0.222 0.106 − 0.214 0.121

Stage of DR 0.402 0.003 0.284 0.038

Presence of SSPiM 0.770 < 0.001 0.357 0.008

Number of MA 0.477 < 0.001 0.173 0.211

Area of FAZ 0.066 0.635 0.303 0.026

PDlarge 0.369 0.006 0.045 0.746

VLDlarge 0.299 0.028 − 0.009 0.951

VDIlarge 0.342 0.011 0.152 0.271

PDcap − 0.268 0.050 − 0.323 0.017

VLDcap − 0.314 0.021 − 0.384 0.004

VDIcap 0.210 0.127 0.403 0.002

DME, diabetic macular edema; DR, diabetic retinopathy; EZD, ellipsoid zone disruption; FAZ, foveal avascular
zone; MA, microaneurysm; PD, perfusion density; SSPiM, suspended scattering particles in motion; VDI, vessel
diameter index; VLD, vessel length density
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pathways that create conditions for inner retinal disorganization
also disrupt outer retinal architecture [20]. We believe that the
caliber of superficial capillaries could be a better biomarker for
EZD compared with the metrics of deeper layer vessels due to
the free-of-projection artifact, less segmentation artifact, and
high repeatability and reproducibility of retinal superficial mi-
crovasculature measurements [21].

Another finding of our study is the association between
SSPiM and EZD. Kashani et al. first discussed the SSPiM as a
novel feature on OCTA in eyes with hyperreflective intraretinal
fluid on structural OCT, and suggested that it was caused by
more advanced breakdown of the blood-retinal barrier, so that
large particles, most likely the lipid, entered the intraretinal space
[22]. Breakdown of the blood-retinal barrier in DME could cre-
ate optimum conditions for damaging the outer retina.

Themajor limitation of this study is its cross-sectional design.
A longitudinal study is warranted to confirm the predictive value
of microvascular changes on OCTA for the macular structural
changes. Another limitation is the lack of data on blood pressure
status of included patients, or their diabetic status (level of gly-
cosylated hemoglobin, urea, and creatinine[23]).

In summary, density of microaneurysms and retinal large
vessel dilation could be potential predictors for the develop-
ment of DME.Dilation of retinal superficial capillaries and the
presence of SSPiM on either SCP or DCP could also prove to
be useful clinical predictors for EZD. Further longitudinal
studies are needed to establish a prognostic assessment for
these imaging biomarkers for patients undergoing prospective
trials or receiving long-term follow-up in clinic.

Data availability The data is available on demand.
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