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Purpose: This study aimed to verify the feasibility of using vascular complexity features
for objective differentiation of controls and nonproliferative diabetic retinopathy (NPDR) and
proliferative diabetic retinopathy (PDR) patients.

Methods: This was a cross-sectional study conducted in a tertiary, subspecialty, academic
practice. The cohort included 20 control subjects, 60 NPDR patients, and 56 PDR patients.
Three vascular complexity features, including the vessel complexity index, fractal dimension,
and blood vessel tortuosity, were derived from each optical coherence tomography
angiography image. A shifting-window measurement was further implemented to identify local
feature distortions due to localized neovascularization and mesh structures in PDR.

Results:With mean value analysis of the whole-image, only the vessel complexity index and
blood vessel tortuosity were able to classify NPDR versus PDR patients. Comparative shifting-
window measurement revealed increased sensitivity of complexity feature analysis, particularly
for NPDR versus PDR classification. A multivariate regression model indicated that the
combination of all three vascular complexity features with shifting-window measurement
provided the best classification accuracy for controls versus NPDR versus PDR.

Conclusion: Vessel complexity index and blood vessel tortuosity were the most
sensitive in differentiating NPDR and PDR patients. A shifting-window measurement
increased the sensitivity significantly for objective optical coherence tomography angiog-
raphy classification of diabetic retinopathy.

RETINA 00:1–8, 2020

Diabetic retinopathy (DR) is a major systemic compli-
cation of diabetes and it causes hemorrhages, retinal

nonperfusion, and different microvascular abnormalities in

the retina.1 With its progression from nonproliferative
diabetic retinopathy (NPDR) to proliferative diabetic ret-
inopathy (PDR), ischemia, unstable neovascularization,
and complex vascular mesh can manifest, resulting in
substantial damage to the retina and irreversible vision
loss. Objective identification of the transition from NPDR
to PDR is still challenging, especially because of the lack
of quantitative features sensitive enough to track the local-
ized morphological changes during the transition. In cur-
rent clinical settings, careful monitoring of progression
and reliable treatment assessments are essential steps to
prevent such PDR associated vision losses.
Optical coherence tomography angiography (OCTA)

facilitates quantification of capillary-level distortions
due to retinopathies by providing high-resolution and
depth-resolved visualization of individual retinal plex-
uses.2 It has been extensively used for quantitative
assessment of different retinovascular and degenerative
retinal conditions.2–8 Quantitative OCTA analysis has
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also been explored for objective detection, staging, and
treatment assessment of DR9–15 and diabetic macular
edema (DME).16,17 In proliferative diabetic retinopathy
(PDR), ischemic regions and vessel dropouts increase,
whereas localized neovascularization and complex cap-
illary meshes manifest in parafoveal and perifoveal re-
gions of the retina. These visual biomarkers are
commonly used by physicians qualitatively; however,
quantitative OCTA analysis for objective differentiation
of NPDR and PDR is yet to be validated. Some estab-
lished OCTA features, such as blood vessel density
(BVD), foveal avascular zone-area (FAZ-A), and foveal
avascular zone-circularity index have been recently
explored in quantitative analysis of PDR,10 but these
changes were not statistically significant for robust
NPDR versus PDR classification. One reason for the
nonsignificant result is the random localized manifesta-
tion of the complex capillary structures, which makes it
very difficult to use a global OCTA feature to properly
quantify retinal complexity, especially in PDR.
We hypothesized that the localized neovasculariza-

tion and complex capillary meshes in the retina can be
quantified as biomarkers for the detection of the
transition from NPDR to PDR, which can in turn
increase the overall accuracy of DR classification.
Recently, the vessel complexity index (VCI) has been
used as one complexity measure to quantify non-
perfusion in OCTA.18 Compared with retinal vascular
structures, the background tissues have lower VCI
metrics, therefore the VCI was sensitive for identifying
vascular structures in the retina. However, VCI has not
be used yet as a metric for measuring localized capil-
laries in late stage NPDR or PDR. Fractal dimension
(FD)19–23 and blood vessel tortuosity (BVT)9,23,24

have also been used for overall structural and geomet-
ric complexity measurement of retinal vasculatures. In
this study, we aimed to test these OCTA features to
identify localized complexity distortions due to DR
progression in the retina, and to increase OCTA fea-
ture sensitivity by using a shifting-window measure-
ment in local retinal regions. Moreover, we used
a multivariate regression model that used the vascular
complexity features for OCTA differentiation of
NPDR and PDR. An ensemble of vascular complexity
features was able to identify NPDR progression into
PDR with improved sensitivity and reliability.

Methods

Study Population and Optical Coherence
Tomography Angiography Imaging

This study was a cross-sectional study of consecutive
type II diabetes patients at the University of Illinois at

Chicago (UIC) retina clinic. The study was approved by
the institutional review board (IRB) of UIC and followed
all the ethical standards stated in the Declaration of
Helsinki. All 20 control subjects and 116 DR subjects
(60 NPDR and 56 PDR patients) were recruited from the
UIC Retinal Clinic. All patients underwent complete
anterior and dilated posterior segment examination by an
experienced ophthalmologist (J.I.L.). They also under-
went contact lens examination with a slit-lamp to identify
PDR signs. The patients were classified based on the
severity of DR (mild, moderate, and severe NPDR, and
PDR) according to the Early Treatment Diabetic Reti-
nopathy Study (ETDRS) staging system. According to
the American Academy of Ophthalmology, the ETDRS
levels are classified as the following: no apparent
retinopathy (Level 10), mild NPDR (Level 20), moderate
NPDR (Level 35), severe NPDR (Level 53), and PDR
(Level 61).25 Control data were obtained from healthy
volunteers without diabetes who provided informed con-
sent for optical coherence tomography and OCTA imag-
ing. Any eye with other retinal or ocular diseases or
pathological abnormalities in the retina, such as macular
edema and epiretinal membranes, were not included in
this study. Additional exclusion criteria included eyes
with significant macular hemorrhages, intravitreal injec-
tions, photocoagulation, and previous history of vitreor-
etinal surgery. To maintain homogeneity of the OCTA
image database in this study, all included subjects were
treatment-naïve and OCTA images were taken before
treatment or intervention. About 12% of the data were
excluded from the total screened and annotated NPDR
and PDR data.
Spectral domain-optical coherence tomography and

concurrent OCTA image data were acquired using an
Angiovue SD-OCT device (Optovue, Fremont, CA)
with a split-spectrum amplitude-decorrelation angiog-
raphy reconstruction algorithm. Optical coherence
tomography angiography scans used in this study
typically had a 6-mm · 6-mm field of view that cov-
ered the perifoveal region of the retina. However, for
measurement of the FAZ-A, we used 3-mm · 3-mm
scans that provided a more detailed description of the
fovea and its contour. Optical coherence tomography
volume data were segmented to acquire OCTA images
from both superficial and deep capillary plexuses (SCP
and DCP) using the built-in ReVue software. In the
case of moderate segmentation error, the segmentation
was corrected manually. Images with severe motion
and shadow artifacts were excluded.

Image Analysis

We measured three complexity quantitative fea-
tures; that is, BVT, VCI, and FD. These features were
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correlated and compared with BVD and FAZ-A
measurements. Because PDR has localized neovascu-
larization and mesh structures in the retina (represen-
tative images in Figure 1, A–C), we further introduced
a shifting-window measurement for the vascular com-
plexity features to increase the sensitivity of identify-
ing PDR. For simplicity, the shifting-window
dimension was chosen as 10% of the whole image
dimension (300 · 300 pixels); that is, 30 · 30 pixels.
A sample shifting-window is shown in Figure 1D. The
window was shifted both horizontally and vertically
with a 50% overlap. After shifting through the whole
image, feature measurements were taken for all win-
dows and from the shifting-window measurements. A
distribution plot was created and the windows with the
top 10% measurements of OCTA features were cho-
sen. After calculating the average of these windows,
averages of the maximum vascular complexity fea-
tures in different groups were essentially obtained.
Before measuring the OCTA features, a binary

vessel map (Figure 1E), skeleton map (Figure 1F),
and perimeter map (Figure 1G) were extracted from
the input images. A Hessian-based multi-scale Frangi
filter26 was used to enhance the vascular flow
information.

Blood Vessel Tortuosity. The BVT was measured
using segmented branches within the skeleton map
(Figure 1C) in the SCP. The average BVT was mea-
sured as the ratio of the geodesic distance (curved line)
to Euclidian distance (straight line) of each vessel
branch.24

Vessel Complexity Index. Within a given window
(whole image or shifting window), the VCI was
calculated from the vessel perimeter map and binary
vessel map18:

VCI ¼ ðPixels encolsed by perimeter mapÞ2
4p · ðPixels encolsed by vessel mapÞ (1)

The VCI is a unique parameter that is able to locate
the complex vascular morphology within the retina.

Fractal Dimension. Fractal dimension can quantify
the degree of complexity of an object (i.e., blood
vessels). In our study, the box counting technique was
used to measure the FD values in both SCP and DCP.
The FD analysis procedure has been described in
a previous study.24 A representative FD contour map
is shown in Figure 1E.

Blood Vessel Density. Blood vessel density was
measured as the percentage of the total vascular area in
the retina. The binary vessel map (Figure 1B) was used
to calculate the percentage of blood vessel pixels
within a defined region in both SCP and DCP.

Foveal Avascular Zone-Area. The fovea was seg-
mented and demarcated automatically (blue area in
Figure 1C) using an active contour method.24

Statistics. Details about statistical methods used are
provided in the Supplemental Digital Content 1 (see
Supplemental Material, http://links.lww.com/IAE/B250).

Results

The image database used in this study included 40
control eyes, 120 NPDR eyes (20 mild, 20 moderate,
and 20 severe; both OD and OS from all patients) and
100 PDR eyes (both OD and OS from 44 subjects and
only OD from 12 subjects), staged according to the
ETDRS staging system,25 as described in the Methods
section. No statistically significant differences were
present among the controls and the NPDR and PDR
groups with respect to age, sex, or duration of diabetes
and hypertension (analysis of variance [ANOVA], P =
0.27; chi-square test, P = 0.32). Furthermore, no sig-
nificance in hypertension or insulin dependency
among the stages of the NPDR and PDR groups was
observed. A summary of the subject demographics and
detailed univariate analysis of the quantitative OCTA
features used in this study is presented in Table 1.

Univariate Analysis

A post-hoc study after the ANOVA showed that all
the features were able to distinguish controls versus
NPDR patients and controls versus PDR patients
(Student’s t-test, P , 0.001), but only VCI and BVT
were able to distinguish between NPDR and PDR
(Student’s t-test, P , 0.05). It has been seen that FD
is highly correlated with BVD when measured over
the whole field of view of the OCTA image. Because
of increased ischemia in severe NPDR and PDR pa-
tients, the average BVD decreased (Table 2), which in
turn caused the FD values to go down. With ischemia,
FAZ-A values also decreased; however, from Table 2,
it can be observed that both BVD and FAZ-A were not
differentiated in NPDR versus PDR.
To enhance the sensitivity of the vascular complexity

features, we also conducted overlapping shifting-window
measurements that provided local complexity informa-
tion within the parafoveal retina. Table 1 shows that the
sensitivity of the VCI, FD (SCP and DCP), and BVT
increased significantly, especially when differentiating
NPDR versus PDR. In this case, all vascular complexity
features increased with the progression of DR (including
FD), which correlated well with the vascular complexity
increase in PDR. All vascular complexity features al-
lowed differentiation of NPDR and PDR with statistical
significance (P , 0.05). This indicated that the changes
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in these features were more prominent in smaller capil-
lary regions. Compared with the vascular complexity
feature analysis, BVD analysis did not increase the sen-
sitivity of shifting-window measurements.
In addition, local complexity maps were generated

for each OCTA image; sample maps from controls and
NPDR and PDR OCTA images are shown in Figure 2.

From the PDR map, localized complexity increments
can be clearly observed.
A correlation analysis was performed to observe the

relationship between the complex OCTA features and
previously described OCTA features (whole image
measurement); that is, BVD and FAZ-A, that differen-
tiated NPDR and PDR14 (Table 3). Fractal dimension

Fig. 1. Representative images.
A–C. Examples of localized
vascular complexity in PDR
patients identified with shifting
windows. D–H. Illustration of
OCTA feature measurement. A.
Optical coherence tomography
angiography image from a male,
67-year-old PDR patient. The
yellow circle marks a local
region with vascular complex-
ity. The region in the enlarged
inset shows a corresponding
vessel and perimeter map. These
maps are used for measuring the
local VCI values. B. Segmented
blood vessel map. C. Blood
vessel skeleton map with seg-
mented fovea (marked blue
region) and FAZ contour
(orange boundary marked
around the fovea). D. Vessel
perimeter map. E. Fractal
dimension contour map. Scale
bar shown in A applies to all the
images.

Table 1. Demographics Characteristics of Control, NPDR, and PDR Subjects

Control

NPDR

PDRMild NPDR Moderate NPDR Severe NPDR

No. of subjects 20 20 20 20 56
Sex (male) 12 10 12 12 29
Age (mean ± SD) 42 ± 9.8 52.31 ± 10.22 48.05 ± 11.90 57.84 ± 11.74 56.36 ± 13.58
Age range 25–71 28–75 31–69 41–73 38–75
Duration of disease — 14.23 ± 10.37 16.54 ± 10.08 22.32 ± 11.95 23.51 ± 10.78
Diabetes type — Type II Type II Type II Type II
Insulin dependent (Y/N) — 7/13 12/8 15/5 48/8
HbA1C, % — 6.5 ± 0.6 7.3 ± 0.9 7.8 ± 1.3 8.3 ± 3.2
HTN prevalence, % 10 45 80 80 84

HbA1C, glycated hemoglobin; HTN, hypertension.

4 RETINA, THE JOURNAL OF RETINAL AND VITREOUS DISEASES � 2020 � VOLUME 00 � NUMBER 00

Copyright © by Ophthalmic Communications Society, Inc. Unauthorized reproduction of this article is prohibited.



(SCP and DCP) had a statistically significant positive
correlation with BVD and a negative correlation with
FAZ-A, while BVT had negative correlation with
BVD and positive correlation with FAZ-A. Vessel com-
plexity index showed a negative trend with BVD and
positive trend with FAZ-A but the correlation was not
statistically significant. Within the vascular complexity
features, only BVT and FD (SCP) showed a negative
correlation (rs = 20.493, P , 0.05).

Multivariate Analysis

A multivariate logistic regression analysis was
conducted with all complexity OCTA features (both

whole image and shifting-window measurements) as
input features. The regression model with a backward
elimination technique was initiated with all features
and it eliminated them one by one depending on the
prediction accuracy of the fitted regression model. The
final model showed that the combination of all
shifting-window measurements provided the best
classification performance for control versus NPDR
versus PDR classification. It could also classify the
individual stages of NPDR: mild, moderate, and
severe. This result further provided evidence for the
importance of localized measurement of vascular
complexity features. For controls versus DR, NPDR
versus PDR, and control versus NPDR (including

Table 2. Univariate Analysis of OCTA Features in Different Cohorts

Features

Whole Image Measurements

Control (I) NPDR (II) PDR (III)

P

I vs. II II vs. III III vs. I ANOVA

BVT 1.10 ± 0.12 1.18 ± 0.10 1.21 ± 0.13 ,0.01 0.04 ,0.01 ,0.01
VCI 24.15 ± 2.36 26.98 ± 3.04 30.22 ± 2.08 ,0.01 0.02 ,0.01 ,0.01
FDSCP 1.67 ± 0.29 1.62 ± 0.81 1.55 ± 0.54 ,0.01 0.15 ,0.01 0.029
FDDCP 1.69 ± 0.35 1.63 ± 0.81 1.58 ± 0.54 ,0.01 0.36 ,0.01 0.032
BVDSCP 49.57 ± 3.45 40.33 ± 7.28 37.85 ± 6.21 ,0.01 0.24 ,0.01 0.038
BVDDCP 51.18 ± 4.06 40.96 ± 6.71 38.19 ± 7.34 ,0.01 0.29 ,0.01 0.035
FAZSCP 0.28 ± 0.17 0.38 ± 0.28 0.42 ± 0.22 ,0.01 0.09 ,0.01 0.022
FAZDCP 0.45 ± 0.19 0.55 ± 0.31 0.58 ± 0.26 ,0.01 0.09 ,0.01 0.029

Features

Shifting-Window Measurements

Control (I) NPDR (II) PDR (III)

P

I vs. II II vs. III III vs. I ANOVA

BVT 1.15 ± 0.20 1.29 ± 0.52 1.42 ± 0.33 ,0.001 ,0.001 ,0.001 ,0.001
VCI 25.48 ± 2.24 34.73 ± 4.13 40.02 ± 4.98 ,0.001 ,0.001 ,0.001 ,0.001
FDSCP 1.69 ± 0.31 1.73 ± 0.75 1.80 ± 0.82 ,0.01 0.031 ,0.01 ,0.01
FDDCP 1.68 ± 0.28 1.75 ± 0.63 1.83 ± 0.59 ,0.01 0.033 ,0.01 ,0.01
BVDSCP 55.43 ± 2.06 54.96 ± 4.15 54.01 ± 3.70 0.58 0.84 0.86 0.385
BVDDCP 62.39 ± 4.65 62.84 ± 5.92 61.09 ± 5.34 0.62 0.81 0.34 0.745
FAZSCP N/A N/A N/A N/A N/A N/A N/A
FAZDCP N/A N/A N/A N/A N/A N/A N/A

All values are presented as mean ± SD. One-versus-one comparisons conducted using Student’s t test. ANOVA was conducted to
compare intergroup significance.

Fig. 2. Complexity map of
parafoveal vasculature for (A)
control, (B) NPDR, and (C)
PDR subjects. Compared with
controls and NPDR patients, the
PDR OCTA image shows
a localized increase in the vas-
cular complexity of the retina.
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three stages) versus PDR classification, receiver
operation characteristics curves were generated (Fig-
ure 3, A–C) and the corresponding area under the
receiver operation characteristics curve was also cal-
culated. The final fitted regression model with com-
bined features was able to classify controls versus
NPDR versus PDR with 0.94 area under the receiver
operation characteristics curve (94.75% sensitivity and
89.27% specificity; Figure 3D).
From Figure 3D, the regression model fitted with

the combination of the complexity (shifting-window)
features provided better performance metrics com-
pared with the model fitted with individual features.

Discussion

In this study, three vascular complexity features
were developed for objective OCTA classification of
controls and DR cohorts. Vessel dropout and severe
ischemia have been commonly observed in DR
patients as the disease progresses, especially in severe
NPDR and PDR stages. In PDR, ischemic regions
continue to increase, causing the overall vessel density
to decrease. However, there is manifestation of
regional neovascularization and complex inter-twined
vascular mesh structures that contribute to the overall
vessel density in the perifoveal retina. Therefore, it is
extremely difficult to identify the transition from
severe NPDR to PDR from image-based screening
alone, which further limits automated staging and
classification of DR (control vs. all NPDR stages vs.
PDR). Clinical treatment for PDR is more aggressive
compared with NPDR treatments. Therefore, reliable
identification of a PDR stage is essential for proper
medical intervention. Because the capillary mesh
structures and local complexity are well established
clinical biomarkers of PDR, we explored vascular
complexity features; that is, BVT, VCI and FD, for
OCTA classification of controls and NPDR and PDR
patients. Because the complexity of retinal capillaries
is randomly distributed within the perifoveal retina,

a shifting-window measurement was implemented to
capture the localized change of the complexity fea-
tures. The windows with higher metrics corresponded
to regions with higher vascular complexity.
Apart from increased sensitivity for all vascular

complexity features, a difference in FD analysis with
shifting-window and whole-image analyses (Table 2)
was observed. In general, avascular regions are as-
signed with small FD values whereas blood vessels
are labeled with relatively high FD values. Therefore,
FD has been widely used for BVD analysis.18,23,24,27

With DR progression, the high rate of vascular dropouts
results in lower vessel density; that is, a lower average
number of FD values. Therefore, when FD was mea-
sured within the whole image, the value decreased from
NPDR to PDR stages. Although PDR OCTA images
had complex regions (local high FD values), the low
vessel density values correlated to overall lower FD
values within the whole OCTA image. The increased
complexity was balanced out by the increased ischemic
areas. However, with shifting-windows analysis, FD
was able to identify regions with high complexity in
PDR. Therefore, the average of the maximum FD win-
dows increased from NPDR to PDR stages (P , 0.05
for NPDR vs. PDR classification), where ischemia in
PDR did not affect FD measurements.
A multivariate logistic regression analysis indicated

that the combination of all three vascular complexity
features with shifting-window measurement showed the
best classification accuracy compared with models trained
with individual features (Figure 3D). The three vascular
complexity features also had low correlations among each
other, suggesting that these features reflect different path-
ological aspects of the retinal condition. The vascular
complexity features were further correlated and compared
with existing BVD and FAZ-A features that were pre-
viously used for DR classification.9,10 Although BVD
and FAZ-A were useful for control versus DR classifica-
tion, they were not as successful for NPDR versus PDR
classification. These features are able to display distor-
tions, such as ischemia and foveal irregularities; however,
these changes are often too subtle when DR progresses
into PDR. The manifestation of neovascularization and
complex meshes in the PDR retina cannot be defined
using only BVD and FAZ-A. However, complexity met-
rics have been developed and designed to focus on the
quantification of those complex vascular meshes, result-
ing in successful PDR detection. Overall control versus
NPDR versus PDR classification and furthermore NPDR
versus PDR staging significantly improved in our study
using vascular complexity features (Table 2 and Figure
3D), compared with BVD and FAZ-A.
This study was based on a relatively small sample

size available in a single imaging center. For future

Table 3. Correlation Analysis of Vascular Complexity
Features With BVD and FAZ-A (Whole-Image

Measurement)

BVD FAZ-A

rs P rs P

BVT 20.420 0.036 0.417 0.043
VCI 20.186 0.089 0.214 0.064
FDSCP 0.637 ,0.01 20.586 ,0.01
FDDCP 0.664 ,0.01 20.591 ,0.01
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study, it is desirable to involve multiple imaging
centers to develop a larger OCTA database for NPDR
versus PDR quantification. In addition, projection and
motion artifacts in OCTA can also affect quantitative
feature analysis. For this study, we excluded OCTA
images with severe shadow and motion artifacts. We
also excluded some images with DME that had
difficulty for accurate retinal layer segmentation.
Because some NPDR and PDR patients may be
affected with DME simultaneously, it would be
beneficial in future studies to include more DME
subjects in complexity analysis. It is worth mentioning
that we primarily conducted complexity analysis in the
superficial layer. Even in DME affected retinas, it has
been observed that superficial OCTA images retain
moderate quality when analyzing local complexity
features. Therefore, the clinical applicability of the
complexity features should still be viable in DME
affected retinas. Only 6-mm · 6-mm field of view
OCTAs were available for this study to measure retinal
complexity. It has been observed in previous work that
neovascularization is often prevalent in the peripapil-
lary region.28 Radial peripapillary density has also
been demonstrated as a biomarker for DR progres-
sion.29 Therefore, it could be interesting in future stud-
ies to correlate and compare the complexity features in
the peripapillary regions with other morphological
changes and established biomarkers. This could also
be extended to comparative analysis in multiple re-
gions of the diseased retina. Furthermore, in our study,
the NPDR-PDR staging was done using the ETDRS
clinical standard. Lack of wide-field FA imaging in

this study may limit the accuracy of clinical diagnosis.
A comparative study of OCTA and wide-field FA
imaging can be interesting to verify the accuracy of
clinical diagnosis.
The adoption of complexity feature analysis in

clinical practice would be beneficial for DR screening
and classification, especially for identifying progres-
sion to PDR. Symptoms of PDR identified by these
features could generate a referral to specialty ophthal-
mologists and initiate prompt intervention to prevent
vision impairment. In current clinical settings, the
clinical standard for DR examination is dilated indirect
examination and slit-lamp biomicroscopy with non-
contact lens to identify signs of PDR. Although some
clinicians conduct FA to confirm PDR, it is not still
a widely used practice in all clinics. Incorporating
highly sensitive OCTA features, including localized
complexity features, could make the screening process
more efficient by providing a reference at the point-of-
care environment.

Key words: vascular complexity, diabetic retinopa-
thy, medical imaging, ophthalmology, optical coher-
ence tomography, optical diagnostics for medicine,
physiology, visual system, noninvasive assessment.
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Fig. 3. Performance analysis of
the multivariate logistic regres-
sion model for DR classifica-
tion. A–C. Receiver operation
characteristics curves illustrat-
ing classification performances
of the prediction. A. Control
versus DR. B. NPDR versus
PDR. C. Control versus NPDR
versus PDR (including mild,
moderate, and severe NPDR
stages). D. Comparing perform-
ances of the combined features
with individual features.
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