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PURPOSE. The purpose of this study was to investigate the association between foveal
vessels and retinal thickness in individuals with diabetic retinopathy (DR) and control
subjects, and to reveal foveal avascular zone (FAZ) growth in early individuals with DR.

METHODS. The regions with a thickness less than 60 μm were marked from the intima
thickness maps and named FAZThic. The avascular zones extracted from the deep vascular
plexus were designated as FAZAngi. The boundary of the two FAZ forms a ring region,
which we called FAZRing. The FAZ growth rate was defined as the ratio of the FAZRing area
to the FAZThic area. Thirty healthy controls and 30 individuals with mild nonproliferative
DR were recruited for this study.

RESULTS. The FAZThic area in individuals with mild DR and control subjects showed similar
distribution. The FAZAngi area in individuals with mild DR are higher than that in control
subjects on the whole, but there was no significant difference (P > 0.05). The FAZRing

area in individuals with mild DR was significantly higher than that in control subjects
(P < 0.001). However, there is still a small amount of overlap data between the two
groups. For the FAZ growth rate, the individuals with mild DR were also significantly
larger than the control subjects (P < 0.001). But there were no overlapping data between
the two groups.

CONCLUSIONS. The growth of FAZ in individuals with mild DR can be inferred by comparing
FAZAngi with FAZThic. This method minimizes the impact of individual variations and helps
researchers to understand the progression mechanism of DR more deeply.

Keywords: foveal avascular zone (FAZ), foveal vessels, retinal thickness, diabetic
retinopathy (DR)

Diabetic retinopathy (DR), a common microvascular
disease caused by diabetes, is the leading cause of

blindness in adults worldwide.1,2 In its early stages, DR is
usually asymptomatic and often goes unnoticed. However,
once the disease progresses to an advanced stage, many
serious complications can occur, such as diabetic macular
edema, vitreous hemorrhage, or retinal detachment.3 Early
diagnosis and timely treatment of DR can help reduce the
blindness rate and prevent other retinal complications.4

Current diagnostic methods for DR rely primarily on
fundus photography (FP) or fluorescent angiography (FA)
images.5–7 Microaneurysms, macular edema, neovascularity,
hemorrhage, and exudate are commonly used as biomark-
ers for the detection and classification of DR.8 However, FP
requires mydriasis and carries a risk of complications, limit-
ing the utility of this technique in elderly individuals.9 Addi-
tionally, the low resolution of capillaries by FP hampers the
diagnosis of the disease. FA examination is time-consuming
and risky, as some patients injected with contrast agents may
experience adverse reactions, such as shock and nausea.10

Optical coherence tomography (OCT) is a commonly
used diagnostic device in ophthalmology. It has the advan-
tages of high resolution, noninvasive, and fast imaging
speed. OCT angiography (OCTA) is a functional imaging
technique of OCT that allows for the acquisition of three-
dimensional perfusion maps at the capillary level without
the requirement of contrast agents.11 OCT, including OCTA,
can serve as a reliable basis for the diagnosis and classifi-
cation of DR, due to its ability to observe the retinal struc-
ture and vascular network in detail, and obtain important
information, such as retinal thickness and vascular morphol-
ogy.12–14

The capillary network of the inner retinal layer (IRL)
forms a circular area around the fovea with no blood
vessels in the center called the fovea avascular zone (FAZ).
The FAZ is a natural feature of retinal development and
can be observed in individuals without retinal pathology.15

However, in the case of DR, FAZ undergoes changes over
time or with disease progression. The enlargement of the
FAZ is positively correlated with the severity of DR.16 Studies
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have shown that individuals with mild to moderate nonpro-
liferative DR have a smaller FAZ growth rate, whereas indi-
viduals with proliferative DR have a larger FAZ growth
rate.17,18 Thus, the FAZ growth rate might be a hallmark
feature of DR occurrence and progression.

However, several studies by entopic perception,19,20

OCT,21,22 and adaptive optics ophthalmoscopy23–25 have
shown considerable interindividual variation (0.02 mm2 to
0.63 mm2) in FAZ size and shape in control subjects. The
substantial interindividual variations in the FAZ impose limi-
tations on numerous scientific investigations.26,27 Moreover,
these differences significantly impact the accuracy of disease
diagnosis. Although the FAZ area in subjects with DR is
significantly larger compared to control subjects at a group
level, there is a possibility of misdiagnosis when relying
solely on the FAZ area due to individual variations. There-
fore, mitigating the influence of individual variations is a
prerequisite for studying the FAZ growth in subjects with
DR.

The structure of the IRL in the macular central region
exhibits a pit shape, which is an important natural feature,
formed during retinal development. Springer et al. demon-
strated, through the establishment of a retinal model, that
the fovea pit is formed due to the absence of a vascu-
lar syste.28–30 The absence of blood vessels renders the
tissue more elastic, making it more prone to deformation.
During the development of the retina, the tissue within FAZ
undergoes thinning due to the combined effects of intraoc-
ular pressure (IOP) and stretching, resulting in the forma-
tion of a pit. The density and distribution of blood vessels
also influence the arrangement and differentiation of cells
in the retina.31 During development, neural cells migrate
from the central foveal region toward the periphery, form-
ing the fovea pit, and the extent of this migration is matched
with the metabolic support provided by the capillaries.32,33

On the other hand, retinal capillaries provide nutrients and
oxygen to the IRLs, maintaining their normal functions and
metabolism.34 It is not possible to have a thick retina without
sufficient vascular support.35

A study by Chui et al.,35 demonstrated that the critical
diffusion distance of capillaries is approximately 30 μm.
Therefore, in healthy eyes, regions with an IRL thickness
greater than 60 μm are expected to have capillary oxygen
supply. The thickness of the IRL at the edge of the FAZ
remained constant at 60 μm regardless of the size of the
FAZ area. Thus, alterations in FAZ due to disease can be
assessed by comparing the position of the FAZ boundary
with the location of the 60 μm thickness.35

The consistency between IRL thickness and the bound-
aries of the FAZ has been widely recognized; however, the
presence of the Henle fiber layer (HFL) beneath the outer
plexiform layer (OPL), which is highly influenced by the inci-
dent light position and angle, can lead to the blurring of the
OPL layer boundaries.36–38 Wang et al. used ganglion cell
complex (GCC) thickness as a surrogate for IRL thickness to
determine the theoretical baseline edge of the FAZ.39,40 In
this paper, we utilized an improved deep learning algorithm
based on Unet++ to improve the segmentation accuracy
of the IRL layer. Additionally, we investigated the correla-
tion between macular vessel and IRL thickness in individuals
with DR and control subjects. First, a modified U-Nent ++
network was used to extract the IRL and generate an intima
thickness map. Areas with thickness less than 60 μm were
marked from the intima thickness map and named FAZThic.
Then, the avascular zone was extracted from the deep capil-

lary plexus image obtained by OCTA and named FAZAngi.
The boundary of the two FAZ forms a ring region, which we
called FAZRing. The FAZ growth rate was defined as the ratio
of the FAZRing area to the FAZThic area. The FAZ growth rate
is minimally influenced by individual variations, making it a
reliable indicator to infer the expansion of the FAZ in indi-
viduals with mild DR.

METHODS

Subjects and Data Acquisition

In this study, 30 healthy controls and 30 individuals with
mild nonproliferative DR (NPDR) were recruited. Mild NPDR
was defined following the second stage of the International
Clinical Diabetic Retinopathy Disease Severity Scale.41 All
subjects were recruited from the First Hospital of Qinhuang-
dao. The study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki and received approval
from the Institutional Review Board of The First Hospital
of Qinhuangdao and the Ethics Committee of Northeastern
University Bio and Medical (NEU-EC-2023B008S). Informed
consent was obtained from all participants. The inclusion
criteria were as follows: (1) participants should have a best-
corrected visual acuity (BCVA) of 20/20 or better, be over
18 years old, be healthy or with type 2 diabetes mellitus
confirmed by a diabetologist; (2) individuals with DR should
not exhibit more than mild NPDR; (3) no history of other
ocular diseases or significant media opacity, no previous
intraocular treatment (laser, intravitreal injections, cataract
surgery, and vitreoretinal surgery), refractive error less than
4 diopters; and (4) no ischemic heart disease, hypertension,
or neurodegenerative disease.

FIGURE 1. Schematic diagram of the foveal avascular zone (FAZ)
and IRL thickness. In healthy eyes, the thickness of the IRL at the
edge of the FAZ remained constant at 60 μm. ILM, internal limiting
membrane; IRL, inner retinal layer; ONL, outer nuclear layer; OPL,
outer plexiform layer. The tissue between the two red lines is the
IRL.
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FIGURE 2. Segmentation algorithm of IRL based on deep learning. The label and image were input into the U-net++ network for training. The
labels were obtained through manual segmentation. The U-net++ adopts the “Encoder-Decoder” structure. After segmentation, boundary
detection was performed on the resulting IRL region, and then overlaid on the original image.

FIGURE 3. U-Net++ network model. The blue arrow represents the 3 × 3 convolution operation, the orange arrows represent maximum
pooling, and the purple arrow represents the 1 × 1 convolution operation. The red dashed box in Figure 3 shows a basic “Encoder-Decoder”
structure unit.

The retinal OCT images used in this study were obtained
from a commercial Spectralis OCT system (Heidelberg,
Germany). This device operates at an 85 kHz A-scan rate,
with a central wavelength of 870 nm and a bandwidth of
50 nm, providing a 3.9-μm axial and 6-μm lateral resolu-
tion. The ocular light power exposure was within the Ameri-
can National Standards Institute safety limit.42 OCTA images
were obtained by repeating four B-scans on one position
and performing decorrelation operations on these B-scans.
A complete volume scan consists of 512 B-scan positions.
The OCTA volume data were automatically segmented into
superficial vascular plexus (SVP) and deep vascular plexus
(DVP).

Studies have shown a negative correlation between the
area of OCT fundus images and the axial length of the
eye.43 Therefore, it is necessary to correct the size of
the fundus images before analyzing their area. We used
Bennett’s formula44 to determine the scaling factor (SF): SF
= 3.382 × 0.013062 × (AL-1.82). Where AL represents the
axial length of the subjects, measured using the Lenstar LS
900. The actual area of the OCT and OCTA images were
obtained by multiplying their measured area by the scaling
factor. Figure 1 illustrates a schematic diagram of the FAZ
and IRL thickness.

Segmentation Algorithm of IRL Based on Deep
Learning

Figure 2 shows the segmentation algorithm of IRL based on
deep learning. The 3000 OCT B-scan images (352 × 480)
were manually segmented by professional doctors as labels,
and randomly divided into the training set and verification
set according to a ratio of 7:3.

We chose to segment the region of the IRL rather than
its boundaries because doing so helps reduce the disparity
in the number of target pixels and background pixels, effec-
tively avoiding the issue of the model being biased toward
classifying more pixels as background (i.e. class imbalance).
After segmentation, boundary detection was performed on
the resulting IRL region, and the distance between the

TABLE. Performance of Different Loss Functions

Loss Function
IoU

Background
IoU

Target
IoU
Mean DSC

LossDice 0.982 0.888 0.935 0.939
LossDice+Lossce 0.987 0.921 0.954 0.960
LossDice+Lossce_side 0.988 0.930 0.959 0.964
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FIGURE 4. Calculation method of FAZ growth. (a) OCT B-scan images of retina macular region. (b) The segmented IRL. (c) The intima
thickness map and the location of FAZThic. (d) OCT angiogram. (e) FAZAngi extracted from d. (f) OCT angiogram and the boundary of
FAZAngi. (g) The fused image of c and f.

boundaries was calculated to generate an intima thickness
map.

The U-Net++ network structure and specific details are
shown in Figure 3. The blue arrow represents the convolu-
tion operation, where the convolution kernel size is 3 × 3,
the step length is 1, and the image size remains unchanged
before and after convolution. The network adopts the
“Encoder-Decoder” structure. The red dashed box in Figure 3
shows a basic “Encoder-Decoder” structure unit. Two
convolution operations were performed on the input image
to obtain X1. The X2 was obtained by performing the down-
sampling operation on X1. Then, X1 and X2 were fused. The
X2 needed to be up-sampled before fusion. Similar opera-
tions were used for other feature fusions in the network.

The traditional U-Net++ network usually uses the Dice
Loss function for the semantic segmentation of medical
images.45 The Dice Loss function is shown in Equation 1.

LossDice = 1 − 2
∑c

i=1 giyi + ε∑c
i=1 g

2
i + ∑c

i=1 y
2
i + ε

(1)

where C is the batch size, pi and gi represent the output
image and the label image, respectively, and ε = 0.0001 is
a smoothing factor to prevent the divisor from being zero.
However, when using the Dice Loss function to update the
network weights, the target region will be more protected,
whereas the background part may be ignored. Due to the
blurred borders on the left and right sides of the OCT reti-
nal image, the network optimized with Dice Loss tends to
mistake the background region for the target region, result-
ing in over-segmentation errors on both sides of the image.

Cross Entropy (CE) is another Loss function commonly
used in classification problems, as shown in Equation 2. Its
shortcoming is poor predictive performance in the case of

class imbalance. Classes with fewer pixels are more likely
to be overlooked. On the problem of retinal inner layer
segmentation, CE Loss tends to make the inner layer thick-
ness thinner.

Lossce = − 1

C

1

M

1

N

C∑
i=1

M∑
j=1

N∑
k=1

[
gjklogyjk (2)

+ (
1 − gjk

)
log

(
1 − yjk

)]

where C is the batch size, M and N represent rows and
columns of image, respectively, and yjk and gjk represent
the pixel in row j and column k of the output image and
label image, respectively. The combination of these two Loss
functions (Dice and CE) can achieve complementary advan-
tages. To enhance the segmentation accuracy on both sides
of the image, we introduced an improved CE Loss func-
tion Lossce_side. This function imposes an over-segmentation
penalty on pixels on both sides of the image in a pixel-by-
pixel manner, as shown in Equation 3.

Lossce_side = − 1

C

1

M

1

N

C∑
i=1

⎡
⎣w1

M∑
j=1

L∑
k=1

f (gjk, yjk) (3)

+ w2

M∑
j=1

N−L∑
k=L+1

f (gjk, yjk) + w3

M∑
j=1

N∑
k=N−L+1

f (gjk, yjk)

⎤
⎦

where f(gjk,yjk) = gjklogyjk + (1 − gjk)log(1 − yjk). L is the
length over which the over segmentation penalty is aggra-
vated on both sides. In this paper, L was set to a quarter of
the number of image columns. The final network Loss func-
tion used in this paper is Loss = LossDice + Lossce_side. The
weighting parameters w1, w2, and w3 were set to 1.2, 0.8,
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FIGURE 5. The FAZThic, FAZAngi, and FAZRing in control subjects. Each column of images represents an independent subject. The first row
shows the intima thickness maps and the FAZThic, the second row shows the OCT angiograms and the FAZAngi, and the third row shows the
fused images and the FAZRing. The fourth row represents the differences between the FAZThic and FAZAngi. The regions where the FAZThic
exceeds FAZAngi are displayed in blue, whereas the regions where the FAZAngi exceeds FAZThic are displayed in red.

and 1.2, respectively. These optimal weighting coefficients
were determined through multiple tests.

Two criteria, Intersection over Union (IoU) and Dice Simi-
larity Coefficient (DSC), were used to evaluate the segmen-
tation accuracy of the IRL. IoU is a method to calculate the
proportion of different images overlapping each other, as
shown in Equation 4. DSC is a method to measure the simi-
larity of two samples, as shown in Equation 5.

IoU = |A ∩ B|
|A ∪ B| (4)

DSC = 2 |A ∩ B|
|A| + |B| (5)

where A represents the label image and B represents the
network output image.

It can be seen from the Table, that when using the bound-
ary optimization joint loss function LossDice+Lossce_side, the
segmentation effect reaches the best state.

Segmentation of FAZAngi From OCT Angiogram

The second step is to extract the avascular zone from
the OCT angiogram using adaptive watershed algorithm46

combined with an active contour algorithm. Briefly, the orig-
inal image was first processed with denoising techniques,
including Median filtering and Gaussian filtering with 3 ×
3 template sizes, and then a region growing algorithm was
used to extract the initial FAZAngi from the denoised image.
This initial area is usually much larger than the actual FAZAngi

size. Next, the initial region underwent a distance trans-
formation operation, and then it was inverted, resulting in
a topographic map; the watershed algorithm was used to
divide the topographic map into several regions. In general,
the FAZ is delineated as a contiguous region. However, if
the FAZ is divided into multiple subregions, a long bound-
ary line will exist between these regions. To address this,
we used a method that detects the length of the boundary
line to determine whether these regions are part of the FAZ.
If the length of the boundary exceeds a certain threshold,
the regions on both sides of the boundary are merged. The
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FIGURE 6. The FAZThic, FAZAngi, and FAZRing in individuals with mild DR. Each column of images represents an independent subject. The
first row shows the intima thickness maps and the FAZThic, the second row shows the OCT angiograms and the FAZAngi, and the third row
shows the fused images and the FAZRing. The fourth row represents the difference between the FAZThic and FAZAngi, which is referred to as
the FAZRing.

FIGURE 7. Statistical analysis of the FAZAngi area (a) and the FAZThic area (b) in control subjects and individuals with DR.

threshold is defined as the radius of the largest inscribed
circle within the FAZAngi, which represents the maximum
value obtained through distance transformation within the
FAZ. Although the region obtained by the adaptive water-

shed algorithm is very close to the real result, the boundary
of the region is not smooth enough.47 The active contour
algorithm is very suitable for fine adjustment of the local
boundary,48 especially when the initial boundary is close to
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the real result. Therefore, the active contour algorithm was
used to further optimize the boundary of the region in this
paper.

Calculation Method of FAZ Growth

The whole process of FAZ growth calculation is shown
in Figure 4. The OCT data were obtained from a representa-
tive individual with DR.

Figure 4a is OCT B-scan images of the retina macular
region, and Figure 4b is the segmented IRL. Figure 4c shows
the intima thickness map of the IRL. The blue circle indicated
by the red arrow is the position where the thickness is 60 μm.
The area enclosed by the circle was named FAZThic. Figure 4d
shows an OCT angiogram of DVP in the retina macular
region. The avascular zone is shown in Figure 4e. This
region was named FAZAngi due to its extraction from the
OCT angiogram. The edge of the FAZAngi was extracted and
superimposed on the OCT angiogram to obtain Figure 4f.
Finally, the Figures 2c and 2f was overlaid on one image. The
FAZThic represents the theoretical area of the subjects with-
out disease, whereas FAZAngi represents the actual area of
the subjects after disease. These two regions form an annu-
lar region which is called the FAZRing (FAZRing = FAZAngi

- FAZThic). The FAZRing can be regarded as the capillaries
change of the subject due to DR. The ratio of the FAZRing

area to the FAZThic area was named FAZ growth rate (FAZ
growth = FAZRing / FAZThic).

RESULTS

Figure 5 shows the results for control subjects and Figure 6
for individuals with mild DR. Each column of images repre-
sents an independent subject.

The first row shows the intima thickness map and the
position of 60 μm thickness, termed FAZThic. The second row
represents images of DVP in the macular region of the retina
and the corresponding FAZAngi. The third row represents the
fused images of them both. The fourth row represents the

FIGURE 8. The relationship between the FAZThic and FAZAngi for
each individual. Each dot in Figure 8 represents a subject. Blue
are the control subjects and red are the individuals with DR. The
abscissa is the FAZAngi, and the ordinate is the FAZThic. Each of the
two sets of scatter points is fitted to a straight line through the origin.

differences between the FAZThic and FAZAngi. The regions
where the FAZThic exceeds the FAZAngi are displayed in blue,
whereas the regions where the FAZAngi exceeds the FAZThic

are displayed in red. It can be seen that the FAZThic and the
FAZAngi almost coincide in the control subjects in Figure 5.
However, in Figure 6, the FAZAngi has a certain degree of
expansion relative to the FAZThic in individuals with mild DR.
A ring-shaped area is formed between the two, which is the
FAZRing. From the fourth row in Figure 6, it can be observed
that due to the FAZThic being completely contained within
the FAZAngi, there are only red regions in the image. The
area of this region corresponds to the area of the FAZRing.

To better understand the difference between the FAZThic

and the FAZAngi in control subjects and individuals with DR,
we performed statistical analysis of the data using boxplots.
First, we presented the statistical results using the FAZAngi

alone. As described earlier, the mean FAZAngi of individuals
with DR is greater than that of control subjects in a large
sample.49 The results of this paper also support this conclu-
sion, as shown in Figure 7a. Red boxes indicate statistics
of the FAZAngi area in individuals with DR and blue boxes
indicate those in control subjects. The red box is slightly
higher than the blue box. Due to individual differences, the
upper and lower limits of the red and blue boxes fluctu-
ated greatly, and the healthy and diseased boxes overlap in
a large area. The t-test results show no significant difference
in the FAZAngi between control subjects and individuals with
mild DR (P > 0.05).

Based on Figure 6, we have known that there are differ-
ences between the FAZThic and FAZAngi in individuals with
mild DR. However, is this difference due to the FAZAngi

expansion or the FAZThic reduction? To answer this ques-
tion, we also counted the distribution of the FAZThic area
in control subjects and individuals with DR, as shown
in Figure 7b. The results showed that there was no signif-
icant difference between them. This indicates that the reti-
nal structure of individuals with early DR does not change
significantly, and the location of 60 μm is not significantly
different from that of control subjects. This suggests that the
large difference between the FAZThic and the FAZAngi in indi-
viduals with DR is mainly derived from the enlargement of
the FAZAngi, that is, the damage of macular blood vessels.

We used a scatter plot to illustrate the relationship
between the FAZThic and the FAZAngi for each individual, as
shown in Figure 8. Each dot in Figure 8 represents a subject.
Blue are the control subjects and red are the individuals
with DR. The abscissa is the FAZAngi, and the ordinate is the
FAZThic. Each of the two sets of scatter points is fitted to a
straight line through the origin. The areas of the FAZThic and
the FAZAngi in control subjects are very close, so the angle
is close to 45 degrees (the slope is close to 1). However,
in individuals with DR, the FAZThic was significantly smaller
than the FAZAngi; therefore, the angle of the line is reduced
(the slope is less than 1).

By subtracting the FAZThic from the FAZAngi to obtain the
area of the FAZRing, we counted the difference in the FAZRing

area between control subjects and individuals with DR, and
the results are shown in Figure 9a. It can be seen that the
area of the FAZRing in individuals with DR is significantly
larger than that in control subjects (P < 0.001). The FAZ
growth rate is defined as the ratio of the FAZRing to the
FAZThic. Figure 9b shows the difference in FAZ growth rate
between control subjects and individuals with DR. The FAZ
growth rate of control subjects are distributed between 0
and 20%, whereas the FAZ growth rate of individuals with
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FIGURE 9. The FAZRing area (a) and the FAZ growth rate (b) in control subjects and individuals with DR. ***Represent P < 0.001.

mild DR is distributed between 20 and 100%. There is also a
significant difference between control subjects and individu-
als with DR (P < 0.001). It is important to note that the FAZ
growth rates of control subjects and individuals with DR did
not overlap.

DISCUSSION

Clinical manifestations of DR typically appear 10 to 20 years
after the diagnosis of type 2 diabetes or 5 to 10 years after the
diagnosis of type 1 diabetes.50 However, many studies have
shown that pathological changes in the retina occur many
years before the onset of clinical symptoms.51,52 Therefore,
to protect vision from damage, it is important to diagnose
DR early, before clinical manifestations appear.

At present, several methods have been used for the early
diagnosis of DR. For example, various molecular content
abnormalities caused by DR can be used as the basis for the
diagnosis of early DR.53–56 Among medical imaging meth-
ods, FP, FA, and OCT are commonly used to observe DR
markers near the macular area of the retina.57 Vessel density
is also used as an early marker of DR.58 Although the above
indicators are helpful for the early detection of DR, capil-
lary occlusion is considered to be a highly valuable early
symptom of DR.59

The key step in determining the theoretical baseline
boundary of the FAZ using the information of IRL thick-
ness is the precise segmentation of the IRL. In this study,
we developed an improved Unet++ deep learning algo-
rithm that effectively addresses this problem. We invited
expert physicians to manually segment the IRL as train-
ing labels. After training on a large dataset, the network
achieved an IoU of 0.954 and a DSC of 0.960. When apply-
ing the network to clinical data segmentation, we had physi-
cians inspect each segmented result. The proportion of accu-
rately segmented IRL reached 98.3%. We selected images
with significant segmentation errors for necessary manual
corrections. Once segmentation was completed for all B-
scans, we combined the thickness data at all locations to
generate a two-dimensional thickness map. On the thickness
map, residual errors were mitigated through techniques such
as median filtering and mean filtering.

Next, we compared the differences in four parameters
(FAZAngi area, FAZThic area, FAZRing area, and FAZ growth
rate) between two groups of subjects (control subjects and
individuals with DR). We obtained the following results:
(1) there was no significant difference between the FAZAngi

area and the FAZThic area in individuals with mild DR. This
suggests that, due to individual differences, the FAZAngi area

alone cannot be used for early detection of DR. (2) There was
no significant difference in the FAZThic area between indi-
viduals with mild DR and control subjects (see Fig. 7b). This
indicates no significant changes in retinal structure in indi-
viduals with mild DR. (3) The FAZRing areas were significantly
higher in individuals with mild DR than in control subjects
in general (see Fig. 9a). Because there was no significant
change in the FAZThic area, the increase in the FAZRing area
was mainly due to the increase in the FAZAngi area. However,
we found that there were still individual data points over-
lapping in Figure 9a. Therefore, we proposed the concept of
the FAZ growth rate. (4) The FAZ growth rate of individuals
with mild DR was significantly greater than that of control
subjects, its significance was greater than that of the FAZRing

area, and there was no overlapping data between the two
groups (Fig. 9b). This indicates that the FAZ growth rate can
provide sufficient sensitivity to help researchers study the
DR progression in an individual patient.

Our study also has limitations. The proposed method is
more suitable for the diagnosis of early DR, because there
are no obvious changes in retinal structure, no macular
edema, and other complications in this stage of DR. This
ensures that the structure of the IRL is highly identifiable
and does not vary significantly in thickness.
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