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Abstract

In this study, the diagnostic abilities of intensity parameters of optical coherence tomography
angiography (OCTA) images in the early detection of diabetic retinopathy (DR) were deter-
mined. 78 normal healthy eyes, 10 diabetic eyes with mild non-proliferative diabetic retinopathy
(NPDR), and 10 diabetic eyes with moderate NPDR were employed. Four retinal vascular plex-
uses were generated by using OCTA, which included the nerve fiber layer vascular plexus
(NFLVP), superficial vascular plexus (SVP), intermediate capillary plexus (ICP) and deep capil-
lary plexus (DCP). The parafoveal zone in each OCTA image was divided into four sectors
which were the superior, temporal, inferior, and nasal sectors. Five intensity parameters includ-
ing the mean, median, variance, skewness, and kurtosis of intensities were calculated for each
sector. The factor of aging was evaluated among normal healthy subgroups. The diagnostic abil-
ities of intensity parameters were evaluated between normal healthy subjects and diabetic pa-
tients with DR. Our results showed that the variance of intensities in superior sector in ICP
achieved the highest AUROC value of 0.95 with the sensitivity of 0.87 and the specificity of
1.000 when comparing the diabetic patients with the mild NPDR to normal healthy subjects.
The mean intensity in superior sector in ICP achieved the second highest AUROC value of 0.95
with the sensitivity of 0.90 and the specificity of 0.90 when comparing the diabetic patients with
the moderate NPDR to normal healthy subjects. The proposed approach could offer a simple
way to differentiate diabetic patients with early DR from normal healthy subjects without per-
forming the relatively complicated image processing techniques.
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Introduction

Diabetes, as a metabolic disorder, had already been a
worldwide health problem. According to the estimation
of International Diabetes Federation, 537 million people
had diabetes by the end of 2021, and this number will
reach 643 million by 2030 [1]. Diabetes could cause vari-
ous complications including the blindness, kidney failure,
heart disease, stroke, and nontraumatic lower-limb ampu-
tations [2]. As a complication in eyes, diabetic retinopa-
thy (DR) is the leading cause of blindness in the working-
aged adults [3]. The systematic screening for diabetic pa-
tients was recognized as a primary method to prevent or
delay the onset of DR [4]. The ophthalmic tools in clinic
for diagnosing DR include ophthalmoscopy, fundus pho-
tography (FP), fundus fluorescein angiography (FFA),
optical coherence tomography (OCT), and optical coher-
ence tomography-based angiography (OCTA) [5-6]. Of
those tools, FFA was recognized as the gold standard to

stage DR by evaluating vascular alterations in the retina
[7]. However, FFA is an invasive methodology with the
allergic risk by injecting the fluorescent dye into the
bloodstream. While OCTA can generate the maps of the
microvasculature of the retina in a non-invasive manner,
it was recognized as a novel and promising tool to assist
the doctors to diagnose the DR and avoid the allergic risk
of the injection of the fluorescent dye [8].

In the diagnosis of DR, various features were extract-
ed from OCTA images to describe the vasculature altera-
tions in the retina. The typical features included the mi-
croaneurysms (MAs), foveal avascular zone (FAZ) pa-
rameters, vessel density (VD), and fractal dimension
(FD). The MAs could be found in both the superficial ca-
pillary plexus (SCP) and DCP within the retina by using
OCTA while it is not possible with FA [9]. And the sig-
nificant correlation between DR stage and percentage of
MAs morphology in OCTA and between MAs morphol-
ogy and the presence of leakage in FA were also found
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[10]. Furthermore, MAs in diabetic patients without clin-
ical DR were observed by using OCTA [11]. As an avas-
cular zone in the retina, the FAZ played an important role
in the diagnosis of DR. The FAZ parameters included the
FAZ area, FAZ axis ratio, horizontal and vertical FAZ
radius, angle of maximum FAZ diameter and other pa-
rameters [12]. For example, the mean FAZ area in SCP
was significantly increasing in DR group when compar-
ing to normal healthy group [13—14]. The VD extracted
from OCTA images can be used as an indicator to differ-
entiate the diabetic patients with DR from normal healthy
subjects. Studies showed that the mean VD in diabetic
patients with the DR decreased when comparing to nor-
mal healthy subjects [15—17]. The FD is used to denote
the vasculature changes in DR by describing the com-
plexity of the distribution of vasculature in OCTA images
[18—20]. Though those typical features could be used in
the diagnosis of DR, the extractions from OCTA images
needed to perform appropriate image processing tech-
niques which might be a complicated and time-
consuming procedure.

According to the previous study with OCT, the inten-
sity parameters showed the diagnostic power in the diag-
nosis of DR [21]. In this study, we aimed to determine
the diagnostic abilities of intensity parameters extracted
from OCTA images in the diagnosis of DR.

1. Methodology
1.1. Ethic

This study was carried out in the ophthalmic center at
Ningbo First Hospital and was approved by the Institution-
al Review Board of Ningbo First Hospital. The tenets of
the Declaration of Helsinki were followed in this study. A
written informed consent was obtained from each partici-
pant, after all procedures were explained in detail.

1.2. Subjects

78 normal healthy eyes, 10 diabetic eyes with mild
NPDR, and 10 diabetic eyes with moderate NPDR were
employed in this study. The statistical information about
the subjects were listed in Tab. 1. All diabetic patients
had the type 2 diabetes mellitus.

Tab. 1. Statistical information of the subjects

The number of The number Age

Group subjects (Female/Male) | ofeyes | (meantSD)
Control

(healthy group) 42 (33/9) 78 46.55+13.55
Mild NPDR 6(3/3) 10 62.17+£13.99
Moderate

NPDR 8 (3/5) 10 62.63£10.45

The inclusion criteria were listed as follows:

1) Confirmed diagnosis of the type 2 diabetes mellitus;
2) best corrected visual acuity was equal to or great-
er than 0.6;

3) intraocular pressure was in the normal range;

4) no severe heart, liver, lung and kidney diseases;

5) no history of eye trauma;

6) no history of eye surgery.

The main exclusion criteria were listed as follows:

1) Unable to complete the examination;

2) the subjects with any retinal or ocular disease such

as glaucoma, vitreomacular diseases, and age-related

macular degeneration etc.

The diabetic patients with DR were staged according
to the Early Treatment Diabetic Retinopathy Study (ET-
DRS). The diabetic patient with mild NPDR is > 1 micro-
aneurysm with no other findings. While the diabetic pa-
tient with moderate NPDR has one of the following
signs: >20 intraretinal hemorrhages in 1—3 quadrants, or
venous beading in no more than 1 quadrant, or presence
of mild intraretinal microvascular abnormalities (IRMAs)
in no more than 1 quadrant [22].

1.3. Study protocol

The full ophthalmological examinations including slit
lamp examination, fundus photography, intraocular pres-
sure, and OCTA imaging were performed on each sub-
ject. Two experienced readers - Dr. Lin and Dr. Yan in-
dependently evaluated all subjects to stage DR based on
the above examinations’ results. If their evaluations were
different, the retina specialist — Dr. Chen would make the
final decision to stage DR.

1.4. Image acquisition

The OCTA images were collected at Ningbo First Hos-
pital by using a commercial Heidelberg Engineering SPEC-
TRALIS OCTA device. This device has an 870 nm-centered
light source with the 50 nm bandwidth. A full-spectrum
probabilistic approach was used in the Spectralis OCTA al-
gorithm which it could generate the map in 85000 A-scans
per second with the high contrast appearance. The 3%3 mm
OCTA images of nerve fiber layer vascular plexus
(NFLVP), superficial vascular plexus (SVP), intermediate
capillary plexus (ICP) and deep capillary plexus (DCP) were
generated for each eye [23].

1.5. Samples of OCTA image

The samples of OCTA DCP images of a normal
healthy eye (left image) and a diabetic eye with mild
NPDR (right image) were showed in Fig. 1. Compared to
the normal healthy eye, the microvasculature of the dia-
betic eye with mild NPDR showed the irregularity and
abnormalities that were labeled in the red boxes. It may
suggest the retinal vascular occlusion and nonperfusion.

= e

Fig. 1. Example of OCTA DCP imags of normal healthy eye
and a diabetic eye with mild NPDR
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1.6. Sectors in parafoveal zone

According to ETDRS, the sectors, namely, superior
(S), temporal (T), inferior (I), nasal (N) in the parafoveal
zone were segmented. Fig. 2 showed the sectors in OS
and OD eyes. The diameter of the inner ring is 1 mm.
The diameter of the outer ring is 3 mm.

Fig. 2. Example of sectors of OS’s (left eve) and OD'’s (right eye)

OCTA images (3 *x3 mm) with an inner ring of Imm diameter and

an outer ring of 3mm diameter (abbreviation: S — superior sector,
T — temporal sector, I — inferior sector, N — nasal sector)

1.7. Intensity parameters

Quantitative features in parafoveal zone such as
thickness and FD with OCT [21, 24], and VD with OC-
TA [25] showed the diagnostic power to stage DR. In this
study, the intensity parameters including the mean, medi-
an, variance, skewness, and kurtosis of intensities in sec-
tors were calculated and the diagnostic abilities of them
were investigated. The equations of the intensity parame-
ters were listed in Tab. 2.

Tab. 2. Equations of intensity parameters

Intensity .
Parameters Equation
N
Mean 7= M
N
When the total number of pixels in re-
gion of interest (ROI) is an odd number,
. N+1Y'
Median = - 1
Median . . .
When the total number of pixels in ROI is an
even number,
th th
Median =] N I+ N+l 1
2 2
N —\2
Variance Variance = 7ZH (Ik ! )
N-1
1 N —\3
N Zkzl (I’f -1 )
Skewness Skewness = | 372
N —\2
Y EL-T)
. %Zle(]k _7)4
Kurtosis Kurtosis = | 5
N 2
NZA:I(I"’ -1 ) :|

1.8. Study design

In order to find the reliable intensity parameters in
sectors that were not affected by the factor of aging, the
comparisons were performed among the normal healthy
subjects to find the intensity parameters in sectors. The
41 normal healthy subjects were divided into 5 subgroups
which their information was listed in Tab. 3. Only one
normal healthy subject was not included since his aga
was over 70 years that was not in the range of 20 to 69.

Tab. 3. The statistical information of normal healthy subgroups

Ne | Age The number of subjects | The number Age
range (Female/Male) of eyes (years)
Gl [20~29 5(4/1) 9 24.60+3.78
G2 |30~39 10(5/5) 19 35.10+2.60
G3  [40~49 8(10/0) 16 45.00+2.67
G4 [50~59 11(9/2) 20 54.64+3.26
G5 [60~69 7(10/0)) 13 64.14+£2.27

After the specific intensity parameters in sectors
which did not show the statistically significant differ-
ences among normal healthy subgroups were found, the
comparisons were performed between diabetic patients in
early stages of DR and normal healthy subjects to check
their diagnostic power in the early detection of DR.

1.9. Statistical analysis

The Student’s t-test was used to find the differences
between study groups. A p value less than 0.05 was con-
sidered statistically significant. The receiver operating
characteristic (ROC) analysis was used to determine the
discriminating power by calculating the area under the
ROC curve (AUROC). An AUROC equal to 1.0 indicates
perfect discriminative capacity, while an AUROC less
than 0.5 indicates lack of discriminative capacity. The
above two statistical analyses were done with IBM SPSS
software, version 26.

2. Results

The specific sectors where the intensity parameters
did not show the significant differences among the nor-
mal healthy subgroups were listed in Tab. 4. The values
of intensity parameters of normal healthy subgroups and
the p value of the comparisons between normal healthy
subgroups were provided in the supplemental material.

The results of intensity parameters that showed a
strong diagnostic power (AUROC = 0.80, and sensitivity
=0.80, and specificity =0.80) in the diagnosis of DR
were listed in Tab. 5. Two comparisons were performed
with the ROC analyses between diabetic patients with the
early stages of DR (mild NPDR and moderate NPDR)
and the normal healthy subjects. The area under ROC
(AUROC) curves, asymptotic 95 % CI, cutoff point, sen-
sitivity and specificity were calculated [26, 27]. The ROC
curves were showed in Fig. 3—5. The values of intensity
parameters of study groups and the p values of the com-
parisons were provided in the supplemental material.
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Tab. 4. List of sectors where the intensity parameters did not
show significant differences among normal healthy subgroups

NPDR to normal healthy subjects. The mean intensity in
superior sector in ICP achieved the second highest AU-

Parameter NELVP |SVP ICP DCP ROC value of 0.947 with the sensitivity of 0.897 and the
Mean T.I.N [T.I.N [S. T. I |[S. T. N specificity of 0.900 when comparing the diabetic patients
Median S.T. 1 |T. 1 T. 1 S. T. I with the moderate NPDR to normal healthy subjects.
. N . N

Variance I. N I. N S.T.I |S. T ROC Curve
Skewness I. N T T, 1 T. N o; :"EI?'—
Kurtosis I.L N T S. T.1 |T. N i

. N 2 06
Abbreviation: NFLVP — nerve fiber layer vascular plexus, 2 Ej Mean(Superior)

@ Mean(Temporal)

SVP — superficial vascular plexus, ICP — intermediate capillary
plexus, DCP — deep capillary plexus; S — superior sector, N —
nasal sector, I — inferior sector, T — temporal sector.

03

0.2
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Variance(Temopral)

—— Reference Line

02

0.4

0.6 0.8 1

ROC Curve 1-Specificity
B —J—]—,—I Fig. 4. The ROC curve of the mean in superior and temporal
- sectors and the variance in temporal sector in ICP when
comparing moderate NPDR group to normal health group
>
206
g ROC Curve
o 04
@ 1
0.2 Variance(Superior)
08
Reference Line
0 >
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1-Specificity 2
3 04
Fig. 3. The ROC curve of the variance of intensities in superior 02 Skewness(Nasal)

sector in ICP when comparing mild NPDR group to normal Reference Line

0
health group 0 02 0.4 06 08 1
1-Specificity

Our results showed that the variance of intensities in
superior sector in ICP achieved the highest AUROC value
of 0.954 with the sensitivity of 0.872 and the specificity of
1.000 when comparing the diabetic patients with the mild

Fig. 5. The ROC curve of the skewness of intensities in nasal
sector in NFLVP when comparing moderate NPDR group
to normal health group

Tab. 5. The lists of the intensity parameters in sectors which showed the significant differences (p < 0.05) between the DR groups and
normal healthy group with the high AUROC (=20.800), sensitivity (Z0.800), and specificity (=0.800)

Asymptotic
Std | A toti 95% CI Cutoff
Comparison Layer |Parameter|Sector | Area sym.p ouie ° u.o Sensitivity | Specificity
error sig Lower |[Upper | point
bound |bound
Mild NPDR vs. Normal ICP | Variance S |0.95410.022| 0.000 0911 | 0.998 |786.331| 0.872 1.000
NFLVP| Skewness | N | 0.818 [0.092| 0.001 0.638 | 0.998 | 2.980 0.936 0.800
Moderate NPDR vs. Nor- M S |0.947 [0.026] 0.000 0.897 | 0.998 | 13.072 0.897 0.900
ean
mal ICP T |0.89510.070] 0.000 0.757 | 1.000 | 14.395 0.859 0.900
Variance T |0.8710.060] 0.000 0.753 | 0.988 |943.165| 0.821 0.800

Abbreviation: NFLVP — nerve fiber layer vascular plexus, ICP — intermediate capillary plexus, S — superior sector, T — temporal
sector, I — inferior sector, N — nasal sector, NPDR — n

3. Discussion and conclusion

DR, as a microvasculature disease in eyes, is the lead-
ing cause of blindness in working-aged adults around the
world. The early detection of DR could help doctors treat
this disease effectively and then help patients to prevent
the visual loss. Since OCTA can map the microvascula-

ture in the retina, the information extracted from OCTA
images may show the diagnostic ability to represent the
vasculature alterations in the retina. Though the typical
features such as MAs, VD, and FD may be used as indi-
cators in the early detection of DR, it may need the com-
plicated techniques and multiple steps to process the OC-
TA images and therefore it could be time-consuming. Our
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study provided a different method to differentiate the ear-
ly stages of DR by extracting the intensity parameters that
did not need the complicated calculations and image pro-
cessing techniques. The high AUROC value of the mean
and variance of intensities in superior sector in ICP
demonstrated that the intensity parameters directly ex-
tracted from OCTA images showed the strong diagnostic
power to detect the diabetic patients with the
mild/moderate NPDR. Furthermore, our study demon-
strated that the changes of intensity parameters may re-
veal the vasculature alterations in diabetic patients with
DR. OCTA is based on the concept that in a static eye the
only moving structure in the fundus of the eye is blood
flowing through the vessel [28]. And in OCTA images,
the intensities of blood flows had the higher values than
the intensities of static surrounding tissue.

The small mean intensity might represent a small
number of pixels with the high intensity values which
were occupied by the blood vessels. Therefore, the
mean intensity may play a similar role to the VD in the
diagnosis of DR since the VD is calculated as the per-
cent area occupied by flowing blood vessels. Studies
showed that the parafoveal VD decreased in diabetic
eyes with DR when comparing to normal healthy eyes
[29], which was consistent to our finding about the
mean intensity. The variance is a measure of variability,
which is calculated by taking the average of squared de-
viations from the mean value. The smaller variance
means the less scattered intensity distribution in images,
which also means the more clustered low or high values
of intensity distribution in images. It could be due to the
MAs showing in ICP in diabetic eyes with DR [30],
which could generate the more areas with the higher in-
tensities in OCTA images. Our results indicated that
most of significant changes of intensity parameters in
DR happened in the ICP. The ICP is located in the inner
plexiform layer (IPL) containing synapses between bi-
polar and ganglion cells as well as amacrine cells [30—
31]. The vascular endothelial growth factor (VEGF)
signaling in amacrine cells plays a key role in regulating
the development and capillary density in ICP [32],
which cause vasculature alterations resulting in the
changes of intensity parameters.

There are some limitations of our study. First, the
sample sizes of the diabetic groups were limited. Second,
OCTA images were obtained in 3x3mm, which included
the FAZ and parafoveal zone only. The future study
needs to obtain a larger number of subjects and a larger
size of OCTA image.

In summary, our study demonstrated that the mean
and variance of intensity in specific sectors showed
strong diagnostic abilities in the early detection of DR.
Compared to the common features, our study presented
a relatively simple method to differentiate the diabetic
patients in early stages from normal healthy subjects
by calculating the intensity parameters from OCTA
images.
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