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Abstract: Enlargement of the foveal avascular zone (FAZ) due to progressive capillary 
nonperfusion is associated with visual deterioration in patients with diabetic retinopathy. The 
FAZ area has long been considered an important clinical marker of advancing retinopathy. 
However, a large body of literature shows that the FAZ area varies considerably in healthy 
eyes, resulting in substantial overlap between controls and diabetics, thus reducing its 
discriminatory value. In this study, within-subject FAZ area enlargement was obtained by the 
comparison of the structural FAZ area to the functional FAZ area using simultaneously-
acquired, corresponding en face OCT reflectance and OCT angiography images. Our study 
suggests that en face OCT reflectance images provide useful anatomic baselines of structural 
FAZ morphology prior to the onset of disease. Measurements of within-subject FAZ area 
enlargement appear to be a more sensitive method for identifying the onset of diabetic 
retinopathy as compared to using OCT angiographic measurements of FAZ alone. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Diabetic retinopathy is the most common microvascular complication of diabetes, and 
remains a leading cause of blindness worldwide [1–4]. A number of studies using intravenous 
fluorescein angiography (IVFA) or optical coherence tomography (OCT) angiography have 
utilized the detection of retinal vascular abnormalities and foveal avascular zone (FAZ) 
enlargement to assess the severity of diabetic retinopathy [5–13]. Altered configuration and 
enlargement of the FAZ has shown strong correlation with poorer visual outcomes and 
diabetic retinopathy progression [14–16], making quantification of FAZ dimensions 
increasingly important for assessment of clinical severity and predicting prognosis in diabetic 
retinopathy. 

While IVFA detection of retinal capillary perfusion and nonperfusion has been the 
standard for grading diabetic retinopathy [11,12,17,18], it provides limited resolution of 
retinal capillary networks with minimal quantitative information [19–21]. Frequent repeated 
follow-up IVFA examinations are also challenging to obtain [22,23]. OCT angiography is a 
recently developed noninvasive alternative to IVFA which utilizes erythrocyte motion as 
intrinsic contrast to produce high-resolution images of the retinal microvasculature [10,24–
28]. Using averaged OCT angiography images, perfused retinal capillaries appear as discrete 
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and continuous, allowing precise delineation of FAZ border without the noise of background 
fluorescence or the temporal decay of the fluorescence signal in patients with diabetic 
retinopathy [29–31]. En face OCT reflectance images can also reveal capillaries not seen on 
OCT angiography by utilizing the reflective microstructural information which includes both 
the perfused and nonperfused capillaries [32,33]. However, vascular studies using en face 
OCT reflectance have been all but non-existent due to the relative lack of contrast and the 
difficulty extracting clean capillary images from the full structural volume. Image registration 
and averaging are methods of feature enhancement which appear promising for extracting the 
structural detail of the vasculature needed to reveal nonperfused vessels [29,34]. 

The purpose of this study was to compare averaged simultaneously-acquired, 
corresponding en face OCT reflectance images to identify the baseline structural FAZ, with 
OCT angiographic images of the functional FAZ. We evaluated differences in FAZ area, 
perimeter, and acircularity index between the structural and functional FAZ, and measured 
within-subject FAZ area enlargement in patients with different stages of diabetic retinopathy. 

2. Materials and methods 

2.1 Subjects 

This study was conducted at the New York Eye and Ear Infirmary of Mount Sinai and the 
Medical College of Wisconsin. The research study adhered to the tenets of the Declaration of 
Helsinki and was approved by the Institutional Review Board of the New York Eye and Ear 
Infirmary of Mount Sinai and the Medical College of Wisconsin (PRO 23999). Written 
informed consent was obtained from all subjects following discussion of the study 
methodology along with associated risks and benefits. A total of 117 subjects were recruited 
in this study. Fifteen of the controls were recruited at the Medical College of Wisconsin, all 
other study participants being recruited at the New York Eye and Ear Infirmary of Mount 
Sinai. Diabetic patient diagnoses were determined through a comprehensive chart review. 
Diabetic eyes were divided into three groups according to state of disease on the day of 
imaging, utilizing the Early Treatment Diabetic Retinopathy Study (ETDRS) classification 
[11,35,36]. The groups were patients with diabetes but no clinically observable diabetic 
retinopathy (noDR), nonproliferative diabetic retinopathy (NPDR), and proliferative diabetic 
retinopathy (PDR). Inclusion criteria for diabetic patients were clear natural lens, best 
corrected visual acuity (BCVA) better than 20/80, good fixation, and pupil dilation to at least 
5mm. Exclusion criteria included presence of nystagmus, active anterior chamber 
inflammation, moderate to severe macular edema, pseudophakia, or prior ocular surgery. 
Patients were also excluded if they had additional systemic vascular diseases including HIV, 
uncontrolled hypertension or sickle cell disease. Inclusion and exclusion criteria for healthy 
controls were identical, but subjects were required to have no diabetes or any prior retinal 
pathology. 

At the time of OCT angiography imaging, all diabetic patients had undergone a complete 
ophthalmic examination by an ophthalmologist, including BCVA testing, slit lamp 
biomicroscopy, and dilated fundoscopy. For subjects in whom both eyes met inclusion 
criteria, a single eye was randomly selected for inclusion in the study. A mean of 5 axial 
length measurements was obtained from each subject using an IOL Master (Carl Zeiss 
Meditec, Inc., Dublin, CA, USA). Individual retinal magnification correction for all 
measurements was then performed using the Littmann formula [37]. 

2.2 En face OCT reflectance and OCT angiography image acquisition 

Images were obtained with a commercial spectral-domain OCT system (Avanti RTVue-XR; 
Optovue, Fremont, CA, USA), with a scan rate of 70,000 A-scans per second, scan beam 
centered at 840 nm, and a bandwidth of 45 nm. During the imaging session, each patient 
underwent 10 sequential 3x3 mm scans centered at the fovea [29,38]. A short break was given 
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to the subject after 2-3 OCT scans or as needed. The total image acquisition time was 
approximately 10 minutes. Following image acquisition, en face OCT reflectance and 
corresponding OCT angiography images were generated using the native Optovue AngioVue 
software (Angioanalytics, versions 2016.2.0.16 and 2016.2.0.3). En face OCT reflectance 
images were generated using the mean projection of the reflectance signal, while the OCT 
angiograms were generated using the split-spectrum amplitude decorrelation angiography 
algorithm [39]. For the purpose of this study, only the superficial OCT reflectance and OCT 
angiography layer located between the inner limiting membrane and 15µm below the inner 
plexiform layer were included for further image processing and analysis. This superficial 
layer was studied due to the likelihood of capture the entire single-layered capillary network 
forming the FAZ border is high. In addition, better capillary contrast on the superficial OCT 
reflectance image could be achieved by excluding the background signal from the deep layer 
non-vascular structure. Subjects with the presence of exudates or significant macular edema 
that distorted the FAZ border on either the OCT reflectance or the corresponding OCT 
angiography images were excluded for the purpose of precise FAZ segmentation. 

2.3 Image registration and averaging 

In order to enhance the visualization of the FAZ border and increase the signal-to-noise ratio 
of each image, image registration and averaging were performed on the OCT reflectance and 
the OCT angiography images [29,38]. Data published previously have demonstrated that this 
image processing approach allows for removal of some image artifacts, such as eye motion 
artifacts and discontinuous vessel segments [38]. In this study, a set of 10 superficial OCT 
reflectance and corresponding superficial OCT angiography images without significant 
motion artifact (e.g. vessel doubling, blinking artifact, or major eye movement) were obtained 
for each subject. For each set of 10 OCT angiography images, a reference image with 
minimal motion artifact and highest image contrast was selected manually by a single 
observer. The remaining 9 OCT angiography images were then registered to this reference 
image using the Register Virtual Stack Slices plug-in on ImageJ (ImageJ, U. S. National 
Institutes of Health, Bethesda, Maryland, USA) [40]; we applied a rigid extraction model with 
elastic bUnwarpJ splines registration [41]. The same transformation matrix from this set of 
superficial OCT angiography images was then applied to the corresponding superficial OCT 
reflectance images using the Transform Virtual Stack Slices plug-in on ImageJ. Both 
registered OCT reflectance and OCT angiography images were then averaged for FAZ border 
delineation (Fig. 1). 
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Fig. 1. (A & D) Single frame and (B & E) averaged contrast-inverted en face OCT reflectance 
and averaged OCT angiography images in a control subject. Structural and functional FAZs 
were manually delineated on B & E, respectively. (C & F) Structural and functional FAZ 
masks (white area) overlaid with functional (in yellow) and structural (in red) FAZ borders, 
respectively. 

2.4 Structural and functional FAZ delineation 

FAZ borders on the averaged contrast-inverted OCT reflectance and the averaged OCT 
angiography image were manually delineated using Adobe Photoshop (Adobe Systems, Inc., 
San Jose, CA, USA). The FAZ border on the averaged inverted-contrast OCT reflectance 
image was defined as capillary structure bordering the FAZ with hyporeflective cord-like 
appearance and complete continuity within and between capillaries. An FAZ mask was then 
created based on the FAZ border delineation. Structural FAZ was defined as the FAZ border 
delineated on the averaged OCT reflectance image and functional FAZ was defined as the 
FAZ border delineated on the averaged OCT angiography image. FAZ area, perimeter, and 
acircularity index of the structural and functional FAZs were then measured on the FAZ 
masks using MATLAB (The MathWorks Inc., Natick, MA) [42]. Acircularity index was 
computed as the ratio of the perimeter of the FAZ to the perimeter of a perfect circle with 
equal area [42]. A second independent grader delineated the FAZ borders on all subjects for 
intergrader agreement analysis. 

2.5 Within-subject FAZ area enlargements 

For each subject, FAZ area enlargement was computed as the difference between the 
structural and functional FAZ area. Quadrant and hemifield analyses of the FAZ area 
enlargement was performed based on the centroid of the structural FAZ, which was defined 
as the center of mass measured on the averaged superficial OCT reflectance image (Fig. 2). In 
quadrant analysis, FAZ area enlargement was divided into temporal quadrant, nasal quadrant, 
superior quadrant, and inferior quadrant. In hemifield analysis, FAZ area enlargement was 
divided into temporal hemifield, nasal hemifield, superior hemifield, and inferior hemifield. 
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Fig. 2. Comparison of (A) contrast-inverted en face OCT reflectance and (B) corresponding 
OCT angiography image in the right eye of a PDR patient. FAZ area enlargement was 
measured by comparing the structural FAZ delineated on the contrast-inverted en face OCT 
reflectance and functional FAZ delineated on the OCT angiography image. (C & D) 
Superimposed structural FAZ (in red) and functional FAZ (in yellow) on A & B. Asterisks 
indicate the centroid of the structural FAZ. 

2.6 Identification of nonperfused capillaries 

Prior studies have shown that blood vessel structure can be visualized on the en face OCT 
reflectance images [28,32]. In this study, a non-perfused capillary segment was identified as a 
hypo-reflective cord-like structure on the contrast-inverted en face OCT reflectance image 
that was absent on the corresponding OCT angiography image [33]. 

2.7 Statistical analysis 

All statistical analyses were performed using SPSS 24.0 (IBM Corporation, Chicago, IL). The 
intraclass correlation coefficient (ICC) with 95% confidence interval was calculated to assess 
intergrader agreement on FAZ area, perimeter, and acircularity index measured on both the 
structural and functional FAZs. Biases of FAZ area, perimeter, and acircularity index 
measurements between two graders were analyzed using Bland-Altman plots. FAZ area, 
perimeter, acircularity index, and within-subject FAZ area enlargement were all tested for 
normality in each study group using a Kolmogorov-Smirnov test. Since not all groups met the 
requirement for normality, comparison between groups using the nonparametric Kruskal-
Wallis and post-hoc tests with the Bonferroni correction for multiple comparisons. Difference 
between the structural and functional FAZ area in the control group was compared using 
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Wilcoxon signed-rank test. Differences between the FAZ area enlargement of the opposite 
quadrants and hemifields were compared using Wilcoxon signed-rank test. Area under the 
receiver operating characteristic curve (AROC) with 95% confidence interval was used to 
assess the diagnostic ability of structural FAZ metrics, functional FAZ metrics, FAZ 
perimeter and acircularity index change (functional FAZ – structural FAZ), and FAZ area 
enlargements to differentiate between eyes without diabetic retinopathy (control + noDR) and 
with diabetic retinopathy (NPDR + PDR). 

3. Results 

3.1 Subjects 

A total of 117 subjects were recruited in this study. After excluding 8 diabetic patients due to 
the presence of exudates and/or significant macular edema at the FAZ border, 109 subjects 
(20 healthy controls, 26 noDR, 25 NPDR, and 38 PDR) were included for data analysis. 
There were no significant differences in age (P = 0.09) or axial length (P = 0.09) among the 4 
study groups. Subject demographic data are displayed in Table 1. 

Table 1. Demographic data of the 4 study groups. 

Group No. of Subjects Male/Female 
Age 
(Mean ± SD, years) 

Diabetes 
Type 1/Type 2 

Control 20 8/12 50.9 ± 10.5 NA 
noDR 26 21/5 56.8 ± 9.5 1/25 
NPDR 25 11/14 54.8 ± 8.6 5/20 
PDR 38 19/19 52.3 ± 10.0 7/31 

3.2 FAZ delineation - intergrader repeatability 

On the structural FAZ, measurements of FAZ area, perimeter, and acircularity index were 
highly correlated between the two graders, with an ICC of 0.999 (95% confidence interval, 
0.998-0.999), 0.986 (95% confidence interval, 0.980-0.991), and 0.949 (95% confidence 
interval, 0.926-0.965), respectively. On the functional FAZ, measurement of FAZ area ICC 
was of 1.000 (95% confidence interval, 1.000-1.000), perimeter was 0.999 (95% confidence 
interval, 0.998-0.999), and acircularity index was 0.995 (95% confidence interval, 0.993-
0.997). Between the two graders, Bland-Altman plots showed that the mean ± SD differences 
for structural FAZ area, perimeter, and acircularity index were −0.003 ± 0.007mm2, −0.024 ± 
0.100mm, −0.006 ± 0.048, respectively, whereas the mean ± SD differences for functional 
FAZ area, perimeter, and acircularity index were 0.003 ± 0.003mm2, 0.013 ± 0.077mm, and 
−0.003 ± 0.035, respectively. 

3.3 Structural and functional FAZ metrics 

Boxplots of the structural and functional FAZ metrics are shown in Fig. 3. There was no 
statistically significant difference between groups in structural FAZ area (P = 0.07; Fig. 3(A)) 
and structural FAZ acircularity index (P = 0.3; Fig. 3(C)). However, structural FAZ perimeter 
was significantly greater in the PDR group when compared to the control group (Fig. 3(B)). 
In contrast, significant differences among groups were observed in all functional FAZ 
metrics. Functional FAZ area was significantly greater in the PDR group when compared to 
the control and noDR groups (Fig. 3(D)). Functional FAZ perimeter was significantly greater 
in the PDR group in comparison to the control, noDR, and NPDR groups (Fig. 3(E)). Also, 
the functional FAZ area was larger in the NPDR group in comparison to the control group. 
Similarly, functional FAZ aicircularity index was significantly greater in the PDR group 
compared to control and noDR groups. Functional FAZ acircularity index was also 
significantly larger in the NPDR group in comparison to the NoDR group (Fig. 3(F)). 
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Fig. 3. Boxplots of the structural (top row) and functional (bottom row) FAZ metrics across 4 
study groups. (A & D) FAZ area. (B & E) FAZ perimeter. (C & F) FAZ acircularity index. 
Significant P-values for the post-hoc pairwise comparisons after nonparametric Kruskal-Wallis 
tests are shown; all other comparisons were not significant (P>0.05). 

3.4 Within-subject FAZ area enlargements 

There was no statistical significant difference between the structural and functional FAZ area 
in the control group (P = 0.079). Boxplots of the total and quadrant FAZ area enlargement are 
shown in Fig. 4. Our findings showed that FAZ area enlargements increased with worsening 
diabetic retinopathy. In particular, total FAZ area enlargement was significantly higher in the 
PDR and NPDR groups compared to the control and noDR groups (Fig. 4(A)). The largest 
total FAZ area enlargement was found in the PDR group with mean ± SD of 0.15 ± 0.17mm2, 
followed by the NPDR (0.06 ± 0.06mm2), noDR (0.01 ± 0.01mm2), and control (0.01 ± 
0.01mm2). No significant differences between the control and noDR groups were observed. 
Similar relationships were observed in the four quadrants (Fig. 4(B)-(E)) and four hemifields 
(boxplots not shown). 

In quadrant analysis, the largest FAZ area enlargement was found in the nasal quadrant 
(0.020 ± 0.057mm2), followed by the superior (0.020 ± 0.041mm2), inferior (0.017 ± 
0.032mm2), and temporal (0.015 ± 0.025mm2) quadrants. The same trend was also found in 
hemifield analysis with the largest FAZ area enlargement observed in the nasal hemifield 
(0.038 ± 0.086mm2), followed by the superior (0.038 ± 0.069mm2), inferior (0.034 ± 
0.060mm2), and temporal (0.033 ± 0.047mm2) hemifields. However, none of the differences 
between the opposite quadrants and hemifields were significant (Wilcoxon signed-rank tests: 
temporal vs nasal quadrant, P = 0.74; superior vs inferior quadrant, P = 0.31; temporal vs 
nasal hemifield, P = 0.93; superior vs inferior hemifield, P = 0.38). Hemifield FAZ area 
enlargement difference in each subject is shown in Fig. 5. 
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Fig. 4. Boxplots of within-subject FAZ area enlargement across 4 study groups. (A) Total FAZ 
area enlargement. (B) Temporal quadrant. (C) Nasal quadrant. (D) Superior quadrant. (E) 
Inferior quadrant. Significant P-values for the post-hoc pairwise comparisons after 
nonparametric Kruskal-Wallis tests are shown; all other comparisons were not significant 
(P>0.05). 

 

Fig. 5. FAZ area enlargement difference for hemifields in each subject (filled circles: 
temporal-nasal hemifield and open circles: superior-inferior hemifield). Our findings suggested 
that FAZ area enlargement is neither quadrant nor hemifield specific in diabetic retinopathy. 

3.5 Area under the receiver operating characteristic curve (AROC) 

The results of the AROC analyses for structural FAZ metrics, functional FAZ metrics, FAZ 
perimeter and acircularity index change, and FAZ area enlargements are shown in Table 2. 
Unlike structural FAZ metrics, which showed nearly no diagnostic capability, functional FAZ 
metrics demonstrated good diagnostic capability of 0.73-0.84 AROC when differentiating 
between eyes with and without diabetic retinopathy. The total FAZ area enlargement showed 
the highest AROC of 0.91 with 81% sensitivity at 95% specificity and 32.6% specificity at 
95% sensitivity, indicating an excellent diagnostic accuracy (Fig. 6). 
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Table 2. Area under the receiver operating characteristic (AROC) curve analyses of the 
structural FAZ, functional FAZ, FAZ perimeter and acircularity index change, and FAZ 

area enlargement in differentiating eyes with diabetic retinopathy (NPDR + PDR) and 
eyes without diabetic retinopathy (Control + noDR). 

 Measurements 
AROC 
(95% Confidence Interval) 

Structural FAZ 
Area 0.55 (0.44-0.66) 
Perimeter 0.61 (0.50-0.71) 
Acircularity Index 0.58 (0.47-0.69) 

   

Functional FAZ 
Area 0.73 (0.64-0.83) 
Perimeter 0.84 (0.77-0.91) 
Acircularity Index 0.81 (0.73-0.89) 

   
FAZ Perimeter Change 
 

0.85 (0.78-0.92) 
 

FAZ Acircularity Index Change 
 

0.79 (0.70-0.87) 
 

FAZ Area 
Enlargement 

Total Enlargement 0.91 (0.85-0.97) 

Quadrant 
 

Temporal 0.82 (0.74-0.90) 
Nasal 0.79 (0.70-0.87) 
Superior 0.85 (0.78-0.92) 
Inferior 0.78 (0.69-0.86) 

Hemifield 
 

Temporal 0.88 (0.81-0.94) 
Nasal 0.84 (0.76-0.91) 
Superior 0.88 (0.81-0.94) 
Inferior 0.81 (0.73-0.89) 

 

Fig. 6. Diagnostic ability of structural FAZ area, functional FAZ area, and total FAZ area 
enlargement for discriminating eyes with and without diabetic retinopathy. Total FAZ area 
enlargement showed the largest AROC of 0.91 (red), followed by functional FAZ area of 0.73 
(blue) and structural FAZ area of 0.55 (magenta). 

3.6 Identification of nonperfused capillaries 

Nonperfused capillaries were identified in all 4 study groups. Figure 7 demonstrates 
nonperfused capillary segments visualized as hypo-reflective cord-like structures around the 
FAZ on the contrast-inverted en face OCT reflectance images (top row, red arrows). 
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Fig. 7. Contrast-inverted en face OCT reflectance (top row) and OCT angiograph (bottom row) 
in a (A & B) healthy control, (C & D) noDR subject, (E & F) NPDR subject, and (G & H) 
PDR subject. Red arrows indicate non-perfused capillary segments identified as hypo-
reflective cord-like structure on the contrast-inverted OCT reflectance that was absent on the 
corresponding OCT angiography images. 

4. Discussion 

In this study, we have demonstrated the feasibility of measuring FAZ area enlargement within 
an individual eye by comparing the structural and functional FAZs delineated on the 
simultaneously-acquired, corresponding averaged en face OCT reflectance and OCT 
angiography images. 

4.1 Structural and functional FAZ metrics 

In agreement with prior IVFA and OCT angiography studies, we found that functional FAZ 
metrics increased with worsening diabetic retinopathy [9,12,25,42]. In particular, the PDR 
group showed significantly larger functional FAZ area, perimeter, and acircularity index 
compared to the control and noDR groups (Fig. 3, bottom row). Notably, our finding of 
functional FAZ area also showed considerable variability in healthy controls [43–46] with 
substantial overlap between the control and diabetic groups [13]. In contrast, there was no 
significant difference in structural FAZ area and acircularity index among the 4 study groups 
(Fig. 3(A) & 3(C)). This demonstrates how the en face scan can be used to reveal the original 
anatomical FAZ before the onset of capillary nonperfusion or intraluminal remodeling due to 
diabetic retinopathy. Interestingly, structural FAZ perimeter was found to be significantly 
larger in the PDR group compared to the control group, possibly due to the increased 
capillary tortuosity at the FAZ border before capillary nonperfusion occurs in advanced cases 
of diabetic retinopathy with capillary remodeling or neovascularization (Fig. 3(B)). 

4.2 Within-subject FAZ area enlargements 

Enlargement of FAZ due to capillary nonperfusion is associated with significant visual loss in 
patients with diabetic retinopathy [14–16], and has shown to be a prognostic indicator of 
disease severity [7,24,47]. Previous histopathological studies of diabetic retina have reported 
that the frequency of diabetic vascular lesions was significantly higher in the temporal retina 
than in the nasal retina [48,49]. Similarly, prior clinical studies using wide-field color fundus 
photography have suggested a non-uniform distribution of diabetic lesions favoring the 
temporal retina compared to the nasal retina [50]. It might be therefore expected that the 
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temporal side of the FAZ would be more vulnerable to capillary nonperfusion due to diabetic 
retinopathy, resulting in a preferential expansion of the FAZ area in the temporal quadrant or 
temporal hemifield. Our findings, however, reveal no quadrant or hemifield bias of FAZ area 
enlargement. There were no statistical significant differences between the opposite quadrants 
or hemifields (Figs. 4 and 5), implying that capillary nonperfusion at the FAZ border occurs 
randomly in any of the four quadrants or hemifields as diabetic retinopathy advances. The 
discrepancy is possibly due to the difference in retinal thickness in the regions studied, with 
the midperiphery used in prior studies versus the parafoveal region in the current study. 
Maximum macular thickness is found within the 3 mm diameter of the parafovea, while the 
thinnest retina is observed in the temporal retina decreasing gradually toward the periphery 
[51]. This relative thinness of temporal retina beyond the center 3 mm of the macula may 
contribute to greater vulnerability to ischemia and hence diabetic changes [52]. Wide-field 
fluorescein angiography appears to also support this increased susceptibility of the temporal 
midperipheral retina to diabetic changes. The uniform FAZ area enlargement found in the 
current study was measured at the parafoveal region using 3x3 mm OCT reflectance and OCT 
angiography images. This 3x3 mm parafoveal region has relatively uniform and symmetrical 
retinal thickness, resulting in a different perspective than the non-uniform distribution of 
diabetic changes of the asymmetric midperiphery. Parafoveal OCT angiography used in a 
recent study similarly reported that capillary nonperfusion occurs in any area of the macula 
without any quadrant bias in diabetic retinopathy [53]. 

4.3 Area under the receiver operating characteristic curve (AROC) 

For distinguishing between eyes with retinopathy (NPDR and PDR groups) and eyes without 
retinopathy (control and NoDR groups), total FAZ area enlargement measured within the 
same individual showed the greatest diagnostic capability compared to the structural FAZ 
metrics and functional FAZ metrics (Table 2 & Fig. 6). Since the measurement of FAZ area 
enlargement was computed using the structural FAZ as a baseline before the onset of 
capillary nonperfusion, it is understandable that the substantial individual variation found in 
FAZ area alone is eliminated, leading to a more sensitive and effective diagnostic capability 
compared to other FAZ metrics. 

4.4 Identification of nonperfused capillaries 

Identification of perfused and nonperfused capillaries is key in understanding microvascular 
changes from the onset of diabetic retinopathy to progression. In this study, we have 
demonstrated that co-registration of the simultaneously-acquired, corresponding en face OCT 
reflectance and OCT angiography images provides both structural and functional information 
of perfused and nonperfused capillaries. One of the necessary conditions for recanalization of 
nonperfused capillaries is the presence of intact capillary structure. Identification of 
nonperfused capillary structure on the OCT reflectance may therefore indicate the potential to 
recanalize, which could help predict and monitor possible structural benefits of treatment 
intervention along with the perfusion status on the OCT angiography images [29]. While 
capillary nonperfusion was characteristically visualized in all PDR patients, it is important to 
note that the occurrence of nonperfused capillary segments in healthy individuals is not 
uncommon (Fig. 7(A) & 7(B)). Using adaptive optics and OCT angiography, prior studies 
have shown that at least one nonperfused capillary segment was identified in 31%-42% of 
healthy controls, as normal variants or due to aging [29,54]. 

4.5 Limitations 

There are a number of limitations to this study. Patients were excluded if the structural or 
functional FAZ border was distorted or obscured by the presence of exudate or severe 
macular edema, thus restricting the clinical implications of the study to eyes with minimal 
diabetic macular disease (Fig. 8). In patients with PDR who developed parafoveal 
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neovascularization at the FAZ border, the structural FAZ might misrepresent the baseline 
anatomical FAZ (Fig. 8). Additionally, capillaries identified as being nonperfused may 
actually contain slow blood flow rather than complete occlusion due to the velocity detection 
threshold of the software; this may result in an overestimation of FAZ area enlargement [55]. 
While intergrader agreement for both structural and functional FAZ segmentations was 
excellent, manual segmentation is a laborious process and is not clinically practical. Finally, 
the process of acquiring 10 consecutive scans is time-consuming and limited by patient 
cooperation and operator skill. 

 

Fig. 8. The presence of exudates and neovascularization at the FAZ border in the right eye of a 
PDR patient. (A & B) Structural FAZ border was obscured by the presence of exudates on the 
contrast-inverted en face OCT reflectance (yellow arrow), while a complete functional FAZ 
border was visualized on the OCT angiography image. Magnified images of the red boxes are 
shown in A1-2 and B1-2. Red arrows indicate neovascularization across the true structural 
FAZ border, which falsely represent the anatomical FAZ border before the onset of diabetic 
retinopathy. This patient was excluded from image analysis. 

5. Conclusions 

Comparison of simultaneously-acquired, corresponding en face OCT reflectance to OCT 
angiography images is a useful technique for studying the structural versus functional FAZ. 
The baseline anatomic architecture revealed by en face OCT reflectance is a helpful guide for 
more accurate assessment disease severity and progression within an individual eye. Total 
FAZ area enlargement appears to be a more sensitive marker for identifying eyes with 
diabetic retinopathy compared to measuring FAZ area on OCT angiography images alone, 
which may prove useful for recognizing the earlier onset of diabetic retinal change. 
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