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Purpose: Comparison of early microvascular changes detected by optical coherence tomography angiography (OCTA) in patients
with mild non-proliferative diabetic retinopathy (NPDR) with healthy volunteers.

Patients and Methods: Forty-four eyes of 44 type-2 diabetic patients with mild non-proliferative diabetic retinopathy and 30 eyes of
30 age-matched healthy controls were imaged using OCTA to quantify microvascular changes and the FAZ quantitative parameters
(area, perimeter, and circularity index); the values of patients and controls were then compared.

Results: Macular vessel density, perfusion index, and circularity index values were reduced and positively correlated with visual
acuity in patients (15.4 + 2.6, 38.0 + 6.7, 0.6 £ 0.06 and p = 0.003, 0.001, and 0.003, respectively). However, FAZ area and perimeter
were found to be larger in patients than controls (0.30 £ 0.08, 2.5 + 0.3 and p < 0.001).

Conclusion: OCTA quantified vessel density and perfusion density were found to be correlated with visual acuity and FAZ
parameters in patients with early NPDR; this could help in detecting early disease progression and modifying treatment decisions.
Keywords: diabetic retinopathy, foveal avascular zone, optical coherence tomography angiography, vessel density, perfusion density

Introduction

Patients with poorly controlled diabetes mellitus are vulnerable to developing diabetic retinopathy (DR), with the
retinopathic changes being presented by retinal microvascular pathological changes. Visual impairment due to retino-
pathic changes badly affects patients’ life quality, disease management, overall life expectancy, and incidence of other
diabetic complications.'* Basic microvascular pathological changes occurring in DR are basement membrane thickening,
damaged endothelium and selective pericyte loss.’

Patients with type-2 diabetes mellitus and early NPDR changes have decreased retinal blood flow, suggesting that
retinal microvasculature becomes impaired even earlier than any clinically detectable signs of DR.*

Fundus fluorescein angiography (FFA) has been the cornerstone for fundus imaging, providing two-dimensional
images of the superficial retinal vessels located in the nerve fiber and ganglion cell layers. Deeper retinal vessels and
capillaries remain invisible and hence could not be conclusive to detect early pathological changes.’

Optical coherence tomography angiography OCTA, an intensity-based technique, enables visualization of the
choroidal and retinal microvascular using the split-spectrum amplitude-decorrelation angiography (SSADA) algorithm.®’

Unlike FFA, OCTA simultaneously visualizes retinal vasculature and microstructure in a three-dimensional, depth-
resolved fashion without dye injection.® It provides high resolution volumetric angiograms of individually segmented
retinal vascular plexuses separately.’

The current study evaluated the OCTA-documented quantitative FAZ changes and their correlation with macular
microvascular changes and visual acuity in diabetic patients with early/mild non-proliferative retinopathic changes who
were compared to healthy volunteers.
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Patients and Methods
Study Design

Cross-sectional case control study conducted in a tertiary eye center.

Study Population
The current study included 74 eyes of 74 participants. Study subjects were allocated into two groups: 44 eyes of 44
treatment-naive patients having mild diabetic retinopathy, defined as having microaneurysms, few retinal dot-
hemorrhages or hard exudates, in accordance with the severity scale used in the Early Treatment Diabetic Retinopathy
Study;'® and 30 eyes of 30 age-and gender-matched healthy controls. Patients included were of both genders, having
early/mild non-proliferative DR and excluding those having clinically significant DME or defined in OCT B-scans; age
range was 30—60 years. Exclusion criteria were those with opaque ocular media, refractive error > 5 diopters, co-existent
age-related macular degeneration (AMD), inflammatory retinal disorder, macular scarring, cases with history of anti-
VEGF injection and previous laser photocoagulation to the macula, retinal vascular occlusion, or previous ocular surgery.
Control subjects enrolled were defined as having no history of previous ocular trauma, intraocular surgery, or
systemic diseases that could produce microvascular changes mimicking diabetic retinal changes such as ischemic heart
disease and hypertension; controls had clear ocular media, normal ophthalmic examination, and refraction <2 D. In the
current study only one eye of each participant was selected to avoid false-positive results; if both eyes were enrolled as 2
separate data points, results may be attributed to retinal vasculature characteristics and structural similarities in each
participant. If both eyes of a participant fitted inclusion criteria, the dominant eye with better scan quality was selected
for subsequent analysis.

Methods

All study participants underwent a comprehensive ophthalmic examination including detailed history taking, best
corrected visual acuity (BCVA) assessment using Snellen’s chart, anterior segment examination using slit lamp biomi-
croscopy, dilated fundus examination using a 78D Volk lens, intraocular pressure measured by Goldmann applanation
tonometry (GAT: Haag-Streit AG, Bern, Switzerland), and automated refraction using the Nidek autoref/keratometer (LS
900, Haag Streit Diagnostics, Switzerland).

AngioPlex OCT-Angiography

Macular 6x6 mm? scans were captured using the commercially available Zeiss Cirrus 5000 HD-OCT (Zeiss Meditec.
Inc., Jena, Germany), that uses a wavelength of 840 nm with a scanning rate of 68,000 A-scans per second. For all
acquisitions, the FastTrac retinal-tracking technology was used to reduce motion artifacts. The captured angiography
cube contains 245 B-scan slices with each B-scan consisting of 245 A-scans, and each A-scan is 1024 pixels deep.
Scanned images with a signal strength of > 7 (out of 10) were used for subsequent processing and analysis. Poor-quality
images with low signal strength and evident segmentation errors or artifacts were excluded from subsequent processing
and analysis.

The measured quantitative FAZ parameters included the central vessel-free area (FAZ); the fovea; the central 1 mm
diameter ring, and the parafovea; the annulus centered on the fovea with inner and outer ring diameters of 1 mm and
3 mm, respectively.

The built-in angio-analytics software quantitatively analyzed the retinal microcirculation parameters as mean values
evaluated within an area 1.5 mm radius from the center for the parafovea, 3 mm for the perifovea, excluding the central
foveal 0.5 mm radius area. Quantitative parameters were expressed as vessel density defined as the total length of the
perfused vessels per unit area within a measured area that was calculated after skeletonization of the binarized image; the
perfusion index (parafovea and perifovea) described the total area of perfused vasculature per unit area within a region
of measurement, as well as FAZ area, perimeter, and circularity index. FAZ boundaries were automatically outlined
along the innermost capillaries after which the area and perimeter of this zone were calculated. FAZ circularity was
measured using the equation: circularity = 4nA/P2, where A is the area and P is the perimeter. Using this equation, as the
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circularity value approaches 1 it indicates a smooth regular shape and if it becomes closer to zero it indicates more
irregular FAZ.

This angio-analytics software was updated to utilize the projection artifact removal (PAR) algorithm and improved
FAZ delineation. Using these new parameters, the device automatically outlines the FAZ boundaries along the centermost
capillaries, allowing the area and perimeter of this zone to be calculated."'

Macular angiographic changes and FAZ quantitative parameters were processed and analyzed in 6x6 mm? macular
scans. Differential retinal capillary vessel density and perfusion density values were calculated using the OCTA angio-
analytics software in the central, inner, full, and outer regions.

Statistical Analysis

The Statistical Package for the Social Sciences (version 24.0; SPSS Inc., IBM, Chicago, IL) was adopted for tabulation
and analysis of the obtained data. Quantitative data were presented as mean =+ standard deviation while qualitative data
were expressed as number (n) and percentage (%). Kolmogorov—Smirnov for normality test was used to differentiate
between parametric data and non-parametric data.

Independent sample #-test was adopted for analysis of quantitative data and Chi-square test and Fisher exact test were
adopted for the analysis of the qualitative data. Correlation between two quantitative variables was done by using
Pearson’s correlation coefficient. Correlation coefficient ranges from 0 to 1: weak (r = 0 0.24), fair (r = 0.25-0.49),
moderate (r = 0.5-0.74), strong (r = 0.75-1.0).

P-value < 0.05 is considered significant and < 0.001 is highly significant.

Results

Baseline Characteristics
Data of 44 eyes of 44 patients having early/mild non-proliferative diabetic retinopathy and 30 eyes of 30 age- and
gender-matched healthy controls were quantitatively evaluated and compared for the quantitative FAZ parameters,
microvascular changes, and visual acuity. There was no significant difference between groups regarding age and gender
(p = 0.17 and 0.26, respectively). Best-corrected visual acuity was significantly less in patients (p = 0.01). Central
macular thickness was increased in patients compared to controls (p = 0.002).

Demographic criteria and clinical findings of the study participants are listed in Table 1.

OCTA Findings

Quantified microvascular changes in terms of vessel density and perfusion density values were extracted from the
superficial retinal plexus and compared between groups. Both full vessel density and perfusion density values were
significantly more reduced in patients than in controls (p = 0.003, p = 0.014, respectively).

Table | Demographic Criteria Among Study Participants

Parameter Controls (n = 30) Patients (n = 44) p-value
Age (years) 418+ 7.6 458 £ 9.5 0.17
Gender (female %) 66.7 66.0 0.26
BCVA 0.97 £ 0.08 0.76 £ 0.3 0.01*
CMT (p) 2442 £ 155 2353 £ 164 0.002**
Vessel density (full) 176 £ 1.9 154+ 2.6 0.003**
Perfusion density (full) 427 £ 5.1 38.0 + 6.7 0.01*

Notes: *Statistically significant; **statistically highly significant.
Abbreviations: n, number; BCVA, best-corrected visual acuity; CMT, central macular thickness.
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Regarding FAZ quantitative parameters, both area and perimeter values were significantly larger in patients (p < 0.001);
however, circularity index showed to be significantly less (p = 0.003) denoting irregular, less uniform FAZ outlines in patients.
Differences between study groups regarding differential vessel density, perfusion density, and FAZ quantitative

parameters are listed in Table 2 and Figure 1.

Correlations
According to the current study, FAZ circularity index was found to be positively correlated with both vessel density and
perfusion density; this correlation was found to be statistically significant in both outer and full regions of macular scans
(p = 0.006, 0.013, 0.017, and 0.019, respectively). On the other hand, FAZ perimeter was found to be negatively
correlated with both VD and PI but without statistical significance.

Correlations between vessel and perfusion densities with FAZ quantitative parameters among patients are shown in
Table 3.

The inner vessel density was found to have a significant positive correlation with BCVA (r = 0.3, p=0.01) (Figure 2).

Correlations between vessel density, perfusion index, and FAZ quantitative parameters with BCVA among patients
are shown in Table 4.

Significant correlations between VD and PD with FAZ quantitative parameters among patients are shown in

Figures 3—Figure 6.

Discussion

The aim of the present study is to report the usefulness of OCTA, as a non-invasive dynamic imaging technique, to
evaluate the early microvascular quantitative changes in diabetic patients with early/mild non-proliferative diabetic
retinopathy that could precede the clinical findings.

Using OCTA, FAZ was found to be larger and more irregular in diabetic patients compared to controls; findings were
comparable to those detected by fluorescein angiography.'>'> FAZ metrics could even be measured more easily with
OCTA than fluorescein angiography as there is no masking effect by dye leakage.'® Several studies have demonstrated
significant quantitative differences in the FAZ in DR patients compared to normal controls. Notably, the FAZ becomes

enlarged as a result of lost integrity of blood vessels.®!”"'®

Table 2 Angiographic Values and FAZ Quantitative Parameters of Study Participants in Macula Scans

Vessel density (mm/mm?) Parameter Controls (n = 30) Patients (n = 44) p-value
Central 10.0 + 3.0 8535 0.16
Inner 174 £ 2.3 15325 0.004**
Full 17.6 £ 1.9 154 26 0.003**
Outer 180+ 1.8 157 + 2.8 0.003**
Perfusion density (%) Central 220+ 7.1 192 + 88 0.26
Inner 41259 369 * 6.4 0.022%*
Full 427 £ 5.1 380+ 6.7 0.014*
Outer 44.0 + 4.9 389+£73 0.012%
FAZ Area 0.20 + 0.06 0.30 £ 0.08 < 0.001%#*
Perimetry 2.1 £02 25+03 < 0.001#*
Circularity 0.7 £ 0.09 0.6 = 0.06 0.003**

Notes: *Statistically significant; **statistically highly significant.
Abbreviations: n, number; BCVA, best-corrected visual acuity; mm, millimeter; mmz, millimeter square; %, percentage.
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Figure | Vessel density, perfusion density, and FAZ metric values compared between a healthy control (A, C, E) and a patient with non-proliferative diabetic retinopathy (B, D, F).

Furthermore, the outline of FAZ becomes more irregular due to widened inter-capillary gaps; these vascular
abnormalities are more evident in the deep than the superficial capillary plexus.®

The above-mentioned FAZ changes become more evident and worsen with progressing DR severity, suggesting that
serial quantitative assessment of the FAZ area would help as a potential biomarker for macular ischemia in DR and to
detect progression.'”

Quantitative OCTA measurements of vessel density and perfusion density were found to have close correlation with
DR severity grading based on clinical features and worsening of visual acuity as well. FAZ area becomes larger and
vessel density gets reduced significantly in all retinal plexuses as the DR progresses and becomes more severe,
suggesting that OCTA, as a non-invasive relatively easy imaging modality, could provide an objective tool for disease
classification and monitoring progression.'® %

In some studies, the OCTA-quantified FAZ area enlargement was associated with worse visual acuity,>**® which
agrees with our results, whereas others did not observe such a relationship.*’

Retinal VD reduction in both the superficial and deep plexuses has been strongly correlated to BCVA in diabetic
patients (p < 0.001), which agrees with the results of the current study.**

2128 and visual

Vessel density measured at the deep capillary plexus had the strongest correlation with DR severity
acuity®’ than when measured at the superficial capillary plexus. This could be explained by the fact that deep capillary
plexus is located in a watershed zone, and hence it is more susceptible to ischemic damage.*’

In diabetic eyes with macular edema (DME), OCTA revealed significantly lower superficial and deep VD values
when compared to diabetic eyes without edema and control eyes as well. Also, the FAZ area was significantly larger in

eyes with or without DME than control eyes, at the level of both superficial and deep capillary plexuses.*'
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Table 3 Correlation Between Vessel Density and Perfusion Density and FAZ Parameters Among Patients

FAZ
Area Perimeter Circularity
r ) r P r p
Vessel density (mm/mm?)
Central —0.03 0.86 —0.04 0.79 0.02 0.88
Inner —0.04 0.8l —0.08 0.57 0.29 0.05
Outer —0.05 0.75 —-0.09 0.56 0.41 0.006*
Full —0.03 0.86 —-0.09 0.55 0.37 0.013*
Perfusion density (%)
Central —0.02 0.87 —0.04 0.77 0.04 0.78
Inner —0.01 0.93 —0.08 0.60 0.23 0.14
Outer —0.03 0.82 —-0.09 0.54 0.36 0.017*
Full —0.01 0.96 —0.13 0.41 0.35 0.019*

Note: *Statistically significant.

Abbreviations: FAZ, Foveal avascular zone; mm, millimeter; mmz, millimeter square; %, percentage.

In the current study we evaluated vessel density, perfusion density, and FAZ quantitative parameters in treatment-

naive diabetic eyes with mild NPDR changes without DME using OCTA quantitative analysis. Values were compared

and correlated with visual acuity in both patients and healthy controls. We found significantly reduced vessel and

perfusion density values quantified at the superficial retinal capillary plexus. Regarding FAZ quantitative parameters, we

BCVA

40 |

Figure 2 Positive fair correlation between inner VD and BCVA in patients.
Abbreviations: VD, vessel density; BCVA, best-corrected visual acuity.
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Table 4 Correlations Between Macular Vessel Density, Perfusion Density, and FAZ Parameters with BCVA Among Patients

Vessel density (mm/mm?) r P Perfusion density (%) r P FAZ parameters r P
Central 0.15 0.32 Central 0.18 0.24 Area 0.04 0.79
Inner 0.30 0.04* Inner 0.22 0.15 Perimeter - 0.10 0.51
Outer 0.25 0.11 Outer 0.23 0.12 Circularity 0.28 0.06
Full 0.24 0.11 Full 0.22 0.14

Note: *Statistically significant.
Abbreviations: FAZ, Foveal avascular zone; mm, millimeter; mmz, millimeter square; %, percentage.

also reported increased FAZ area and perimeter in patients; however, circularity index was less than in controls denoting
distorted and more irregular FAZ outlines. Correlating the study parameters, we found positive correlation between VD,
PD, FAZ circularity index and visual acuity. Angiographic findings are explained by ischemic changes that occur early in
course of DR and may even precede clinical findings. Differential VD, PD, FAZ circularity index, and perimeter were
found to be more sensitive early predictors for the ongoing ischemic changes. FAZ area did not have such significance as
an early disease status predictor, which could be explained by lack of quantitative data extracted from the deep retinal
plexus, also including only early cases of mild NPDR without DME.

In a comparative OCTA study of diabetic eyes having DME, the parafoveal vessel density was found to be
significantly lower in patients at the SCP and DCP compared to controls (p < 0.001). The FAZ area was
significantly positively correlated with LogMAR BCVA at the SCP and DCP levels (r = 0.70, p = 0.001 and
r = 0.58, = 0.003, respectively), whereas it was significantly negatively correlated with parafoveal VD at the DCP
level (r = —0.52, p = 0.006) and with whole image VD at the SCP level (r = —0.61, p = 0.001). There was
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Figure 3 Positive fair correlation between outer VD and FAZ circularity index in patients.
Abbreviations: VD, vessel density; FAZ, foveal avascular zone.
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Figure 6 Positive fair correlation between full PD and FAZ circularity index in patients.
Abbreviations: PD, perfusion density; FAZ, foveal avascular zone.

a negative significant correlation between LogMAR VA and VD in patients with DME at the SCP level (r = —0.58,
p = 0.002) and the deep retinal plexus (r = —0.70, p < 0.001).>?

In a study by Kim et al, FAZ area was found to be larger in both superficial and deep retinal capillary layers in
diabetic patients without retinopathic changes (0.38 mm?, 0.49 mm?) and with patients with non-proliferative changes
(0.38 mm?, 0.48 mm?) than in the control group (0.33 mm?, 0.43 mm?). Also, they reported that the FAZ circularity
index, vessel density and perfusion index were more reduced in diabetic patients without retinopathic changes (0.63,
17.8/mm, 0.32) and patients with non-proliferative changes (0.63, 17.5/mm, 0.32) than in controls (0.69, 19.6/ mm, 0.39).
It was concluded that both diabetic patients with or without retinopathic changes had a significantly lower mean vascular
density and perfusion index in parafoveal and perifoveal areas than the healthy controls; however, OCTA-quantified FAZ
parameters were not different between NDR and NPDR.**

Previous studies have demonstrated that FAZ becomes wider and more irregular in DR patients, together with
quantitative changes in the FAZ perimeter and circularity index.”>** Thus, distorted/lost FAZ circularity could be
considered a good indicator of vascular dropout and is associated with disease progression in vascular maculopathy.”
FAZ margin changes are largely attributed to capillary non-perfusion, as well as macular vascular remodeling that lead to
decreased vascular density and perfusion index.*®

Di et al have studied diabetic patients with macular edema (DME) and demonstrated a larger FAZ area in patients
than controls (0.41 £ 14 mm?, 0.36 £ 0.06 mm?, p = 0.01, respectively).?’

In a previous study, it was found that the parafoveal vessel density analyzed in both superficial and deep retinal
plexuses was significantly reduced in diabetic patients with moderate to severe non-proliferative changes (42.48 £ 3.06
and 42.34 + 2.35) in comparison to controls (52.91 + 5.19 and 50.38 = 5.42) (p < 0.001). In the same study, the LogMAR
BCVA of patients was significantly reduced (p < 0.001).*
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One study showed significantly worse visual acuity in diabetic patients with DME compared to both diabetic patients
not having macular edema and the healthy control group as well (p < 0.001), which we also reported in the current study;
however, we did not include eyes with DME.'®

Limitations for the current study are the relatively small sample size, being a cross-sectional study with lack of long-
term follow-up of the reported changes over time and not including quantitative data from the deep retinal plexus. Future
longitudinal studies including larger sample sizes are recommended to more precisely quantify the early microvascular
changes in diabetic patients and establish reliable biomarkers to monitor disease status. Associating microvascular
changes together with structural FAZ quantitative parameters could be valuable biomarkers to accurately identify the
disease staging and guide and monitor treatment strategies.

In conclusion, OCTA proved to be a helpful non-invasive imaging tool that helps greatly in detecting early
retinopathic changes even before they become clinically evident. The underlying early microvascular changes in
subclinical cases or in established cases could be easily masked and overlooked by dye leakage in FFA. Clear
visualization of these changes helps accurate disease severity staging and assists appropriate treatment decisions as
well. Serial OCTA quantitative measurements are highly recommended in terms of clinical settings, being easy to obtain,
non-invasive and not time-consuming, particularly to avoid the hazardous side effects of dye injection or when it is
contraindicated.

Abbreviations

DR, Diabetic retinopathy; NPDR, Non-proliferative diabetic retinopathy; DME, Diabetic macular edema; FAZ, Foveal
avascular zone; OCTA, Optical coherence tomography angiography; VD, Vessel density (VD); PD, Perfusion density;
LogMAR, Logarithm minimum angle of resolution; BCVA, Best-corrected visual acuity; SCP, Superficial capillary
plexus; DCP, Deep capillary plexus.
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