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Purpose: This study aimed to evaluate the optical coherence tomography
angiography (OCTA) changes in subzones of peripapillary atrophy (PPA)
among type 2 diabetic patients (T2DM) with or without diabetic retinopathy
(DR) using well-designed deep learning models.

Methods: A multi-task joint deep-learning model was trained and validated on
2,820 images to automate the determination and quantification of the
microstructure and corresponding microcirculation of beta zone and gamma
zone PPA. This model was then applied in the cross-sectional study
encompassing 44 eyes affected by non-proliferative diabetic retinopathy
(NPDR) and 46 eyes without DR (NDR). OCTA was utilized to image the
peripapillary area in four layers: superficial capillary plexus (SCP), deep
capillary plexus (DCP), choroidal capillary (CC) and middle-to-large choroidal
vessel (MLCV).

Results: The patients in both groups were matched for age, sex, BMI, and
axial length. The width and area of the gamma zone were significantly
smaller in NPDR group compared to the NDR group. Multiple linear
regression analysis revealed a negative association between the diagnosis
of DR and the width and area of the gamma zone. The gamma zone exhibited
higher SCP, DCP and MLCV density than the beta zone, while the beta zone
showed higher CC density than the gamma zone. In comparison to the NDR
group, the MLCV density of gamma zone was significantly lower in NPDR
group, and this density was positively correlated with the width and area of
the gamma zone.

Discussion: DR-induced peripapillary vascular changes primarily occur in gamma
zone PPA. After eliminating the influence of axial length, our study demonstrated
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a negative correlation between DR and the gamma zone PPA. Longitudinal studies
are required to further elucidate the role of the gamma zone in the development
and progression of DR.

deep learning, peripapillary atrophy, diabetic retinopathy, gamma zone, beta zone

1 Introduction

The global incidence of diabetes has been increasing in recent years.
According to the Diabetes Atlas 10th edition, the prevalence of diabetes
is expected to reach 783 million by 2045 (Sun et al., 2023). Diabetic
retinopathy (DR) is one of the major microvascular complications in
diabetic patients and has become a leading cause of irreversible visual
impairment and blindness among the adult working population and
elderly individuals worldwide (Yau et al., 2012). Recent studies have
suggested that retinal nerve fiber layer and retinal ganglion cells are
damaged at an early stage of DR, indicating that DR is a vascular
neuropathy (Chhablani et al., 2015; Vujosevic et al., 2018).

Although several studies have demonstrated diabetic macular
vascular changes (Sun et al, 2019; You et al, 2020), the evidence
regarding the associations between peripapillary vascular changes and
the pathogenesis of DR has been limited. Previous studies found a negative
correlation between the presence of peripapillary atrophy (PPA)-{ and the
prevalence of DR, independent of axial length (AL) and refractive status
(Tan et al,, 2018). However, that study did not quantitatively determine
the microstructure and microcirculation of PPA-[, which limited further
exploration of the association between PPA- and DR. Additionally, PPA-
( has been found to be associated with the incidence and progression of
glaucoma (Jonas and Naumann, 1989; Lee et al., 2011; Uchida et al., 1998).
Considering that diabetes is a recognized high-risk factor for glaucoma,
and altered ocular microcirculation is one of the common causes in both
diseases, it is reasonable to speculate that PPA-B and corresponding
vascular metrics are associated with DR.

PPA-p, characterized by visible large choroidal vessels and sclera,
has recently been subdivided into a new beta zone and a gamma zone
based on the Bruch’s membrane opening (BMO) (Jonas et al., 2012; Dai
et al, 2013). The gamma zone represents the peripapillary area free of
Bruch’s membrane (BM), while the new beta zone is defined as the
continued presence of BM and absence of retinal pigment epithelium
(RPE). Previous studies have reported the microvascular features of
PPA subzones in myopic eyes using spectral domain optical coherence
tomography angiography (SD-OCTA) (Hu et al, 2021). To our
knowledge, there have been no studies exploring the changes in
PPA subzones secondary to DR. In this study, we introduce a
multi-task joint deep-learning framework based on state-of-the-art
models to achieve automated determination and quantification of
the microstructure and microcirculation of the beta zone and
gamma zone PPA in diabetes with or without DR.

2 Methods
2.1 Study design and participants

In this cross-sectional study, we adhered to the principles
outlined in the Declaration of Helsinki and obtained approval
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from Ethics Committee of the Ophthalmology Center of The
Affiliated People’s Hospital of Ningbo University, China. Written
informed consent was obtained from all participants.

The inclusion criteria for all subjects were as follows: 1)
individuals with type 2 diabetes mellitus (T2DM) without
diabetic retinopathy (NDR) or with untreated non-proliferative
diabetic retinopathy (NPDR). The diagnosis of T2DM followed
WHO standards (Alberti and Zimmet, 1998), while the grading
of NPDR was based on the International Clinical DR Disease
Severity Scale (Wilkinson et al., 2003). 2) Presence of PPA (beta
zone, gamma zone, or both).

The exclusion criteria were as follows: 1) intraocular pressure
(IOP) > 21 mmHg; 2) presence of other chorioretinal diseases,
glaucoma, optic neuropathy, or systemic diseases that may affect
ocular perfusion; 3) history of intraocular surgery including cataract
surgery, retina laser and intravitreal injections. 4) presence of mental
illness or inability to cooperate with the examination; 5) poor quality
of OCTA images and structural OCT images. Once the binocular
parameters met the above criteria, one eye per participant was
randomly selected.

2.2 Data acquisition

A detailed questionnaire collected personal information
including age, gender, medical history, and history of eye disease/
surgery. General examinations measured height, weight, systolic
blood pressure (SBP) and diastolic blood pressure (DBP) for each
participant. DR was diagnosed and graded using digital fundus
photography (Canon CR-2; Tokyo, Japan). The fundus camera
captured two images, one centered on the macula and the other
on the optic disc. Axial length and IOP were measured using the
IOLMaster (Carl Zeiss Meditec AG, Jena, Germany), and the
noncontact tonometer (Auto Tonometer TX-F; Topcon, Tokyo,
Japan), respectively. To calculate the patients’ body mass index
(BMI), their weight was divided by their height in meters squared
(kg/m®). The mean arterial pressure (MAP) and ocular perfusion
pressure (OPP) were calculated using the following formulas:
MAP = 1/3SBP+2/3DBP and OPP = 2/3MAP-IOP (Longo
et al., 2004).

2.3 OCT angiography image acquisition

For the acquisition of peripapillary vascular imaging, we utilized
SS-OCT angiography (SS-OCTA) with the BM-400K BMizar from
TowardPi Medical Technology Co., Ltd. in Beijing, China. The
imaging camera employed a vertical cavity laser with a
wavelength of 1,060 nm and a scanning speed of 400 KHz A-
scan/s. This setup allowed for a lateral resolution of 10 um and an
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FIGURE 1
The workflow of the beta zone and gamma zone PPA automated detection. Firstly, the nnU-Net was used for segmenting the border of optic papilla

and RPE atrophy. Then the YolLo-V8 was employed to detect the Bruch’s membrane opening (BMO) on B-scan series. Lastly, the BM boundary curve was
obtained by reconstructing the BMO points from B-Scans onto enface images and fitting them with a polynomial function.

axial resolution of 3.8 um (optical), enabling the visualization of en
face images of the retinal and choroidal vascular perfusion system.
To evaluate the peripapillary area of each subject, B-scans were
performed, covering a 6 mm”> x 6 mm’ area horizontally and
vertically.

To stratify the retinal and choroidal vasculature, we utilized
the built-in software in the OCTA system. This software allowed
us to segment the vasculature into several sub-layers, including
the superficial capillary plexus (SCP), deep capillary plexus
(DCP), (CO),
choroidal vessel (MLCV). In our study, we excluded images

choroidal capillary and middle-to-large
with significant motion artifacts or those graded below 8.
Manual correction was only performed when automatic
stratification was inaccurate.

All OCTA images were acquired by an experienced operator

(YL) and reviewed by two other authors (XH and NZ).

2.4 Multi-task joint deep-
learning framework

2.4.1 PPA segmentation

The beta zone PPA is defined as the presence of BM without
the RPE. On the other hand, the gamma zone PPA is
characterized by the absence of BM and is located between the
optic papilla border and beta zone. To accurately delineate the
boundaries of the optic disc, beta zone, and gamma zone PPA,
both en face and serial B-scan OCT images of the optic disc were
acquired at the same position, as shown in Figure 1. For the
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BMO detection

Gamma zone

Beta zone

PPA segmentation

Vasculature segme;ﬁation

segmentation of the optic papilla border and RPE atrophy, we
employed an advanced image segmentation algorithm called
nnU-Net (Isensee et al., 2021). We chose the Stochastic
Gradient Descent (SGD) with Nesterov momentum of 0.99 as
optimizer and the initial learning rate was set to 0.001 in our
experiment. The total epochs reached 1,000, with each epoch
consisting of 250 iterations. To train and validate this model, we
utilized an additional dataset of 200 en face images that were
manually annotated. The training and validation sets were
partitioned in a 7:3 ration, and the segmentation performance
demonstrated its robustness and effectiveness, with a Dice
coefficient greater than 0.95.

2.4.2 BMO detection

To accurately detect the BMO on B-scan series, we utilized
YoLo-V8 (Wang et al., 2024), an end-to-end object detection model
that excels in real-time processing of high-resolution images. This
model has been widely applied in the field of medical image
detection, enabling precise target identification. Prior to
YoLo-V8 was
20 subjects, consisting of 2,500 manually annotated B-scan
images. We chose the Stochastic Gradient Descent (SGD) with

Nesterov momentum of 0.937 as optimizer and the initial

implementation, trained and validated on

learning rate was set to 0.001. The maximum number of epochs
reached 300. The BM boundary curve was obtained by
reconstructing the BMO points from the B-Scans onto enface
and fitting polynomial
Subsequently, the width and area of PPA subzone were
calculated using MATLAB software.

images them with a function.

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1459040

Li et al.

(A) SCP

FIGURE 2

10.3389/fcell.2024.1459040

[llustration of the SS-OCTA imaging and vascular segmentation of peripapillary vasculature parameters in each retina and choroidal layer. (A)
Superficial capillary plexus (SCP). (B) Deep capillary plexus (DCP). (C) Choroidal capillary (CC). (D) Middle-to-large choroidal vessel (MLCV). (A1-D1) SS-
OCTA images of participant without DR. (A3-D3) SS-OCTA images of participant with NPDR. (A2-D2, A4-D4) The corresponding automated segmented

vessel map of A1-D1 and A3-D3, respectively.

2.4.3 Vessel segmentation and quantification

We utilized an enhanced U-Net model for the segmentation of
vessel in the SCP, DCP, CC and MLCV of OCTA images (Figure 2).
This model incorporated a U-Net (Ronneberger et al., 2015) as the
underlying architecture, with the original encoder was replaced by a
pre-trained ResNet18 (He et al., 2016). We chose the AdamW as
optimizer and the initial learning rate was set to 0.0002. The
maximum number of epochs reached 200. To train the network,
we employed a proprietary OCTA vessel segmentation dataset called
OCTA-Z. OCTA-Z comprising 126 OCTA en face angiograms from
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42 subjects, with a resolution of 512 x 512 pixels. The vessel
annotation at the pixel-level was performed by four proficient
image experts, followed by a review and refinement of the initial
labeling by two senior ophthalmologists. For this study, we allocated
120 OCTA images from 30 subjects for training the improved
U-Net, while the remaining images were used for testing. The
network achieved a Dice coefficient of 81.86% and an accuracy is
90.13% on the testing set. Vascular density (%) was determined as
the proportion of the measured area occupied by flowing blood
vessels within a specific region. We measured the vascular density of
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TABLE 1 Demographic and clinical characteristics of the participants enrolled in this study.

Variables NDR (n = 46) NPDR (n = 44) P-value
Age (years) 60.1 + 10.4 60.5 + 9.2 0.84"
Male (%) 22 (47.8) 32 (72.7) 0.25*
BMI (kg/m?) 243 £26 249 + 32 0.37"
Axial length (mm) 242 + 1.1 239 + 1.0 0.16*
10P (mmHg) 152+ 3.0 151 +26 0.82*
OPP (mmHg) 50.6 + 8.2 513 + 8.0 0.78"
DBP (mmHg) 789 + 9.6 80.8 + 9.6 038"
SBP (mmHg) 131.8 + 17.8 136.7 + 18.0 0.20"
MAP (mmHg) 964 + 11.5 99.4 + 115 0.23"
FPG (mmol/L) 7.0 £23 8.1+1.9 <0.001*
HbAIlc (%) 6.5+ 14 75+ 15 <0.001*
UACR (mg/g) 14.0 + 184 139.3 + 2753 <0.001*
TC (mmol/L) 46+ 1.0 49+ 1.0 0.12"
TG (mmol/L) 1.8+ 1.1 20+22 0.94*
HDL (mmol/L) 13402 13403 0.61"
LDL (mmol/L) 23 %07 26+ 0.7 0.09"

BMI, body mass index; IOP, intraocular pressure; OPP, mean ocular perfusion pressure; DBP, diastolic blood pressure; SBP, systolic blood pressure; MAP, mean arterial pressure; FPG, fasting
plasma glucose; HbA 1, glycosylated hemoglobin; UACR, urine albumin creatine ratio; TC, total cholesterol; TG, triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

* chi-square test.
" Student’s t-test.
# Mann-Whitney U test.

four retinal and choroidal sub-layers in beta zone and gamma zone
PPA, respectively.

2.5 Statistical analysis

All statistical analyses were performed using SPSS version 29.0
(SPSS, Chicago, IL, United States). Continuous data were presented
as mean + standard deviation, while categorical data were reported
as frequency and percentage (%). Parametric data were analyzed
using Student’s t-test, while non-parametric data were analyzed
using the Mann-Whitney U test was for group comparisons. The
Chi-squared test was employed to compare categorical variables.
The gamma zone indicators that exhibited significant differences
between the two groups were selected as dependent variables, and
stepwise linear regression analysis was conducted to identify
independent Additionally,
coefficient analyses were carried out to assess the effects of PPA

risk  factors. partial ~ correlation

subzone parameters on ocular parameters after adjusting for axial

length. All P-values were two-sided, and statistical significance was
determined when the P-values were <0.05.

3 Results

The study consisted of 46 eyes from 46 subjects without DR
(NDR group) and 44 eyes from 44 subjects with NPDR (NPDR
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group). Among the participants, 54 (60.0%) were male and 36
(40.0%) were female. The mean age was 60.3 * 9.8 years
(median, 60 years; range, 33-85 years), and the mean axial
length was 241 + 1.1 mm (median, 239 mm; range,
22.3-27.4 mm). All subjects had a diagnosis of T2DM, and their
eyes were phakic.

3.1 Comparison of demographic and clinical
characteristics between the groups

Table 1 provides a summary of the comparison of demographic
and clinical characteristics between the NDR group and NPDR
group. The two groups were matched for age, sex, BMI and axial
length. Significant differences were observed in fasting plasma
glucose (FPG), glycated hemoglobin (HbAlc), and urine
albumin-to-creatinine ratio (UACR) between the two groups.

The FPG of the NPDR group (8.1 + 1.9 mmol/L; range,
4.9-14.6 mmol/L) was significantly higher (P < 0.001) than that
of the NDR group (7.0 + 2.3 mmol/L; range, 4.2-14.7 mmol/L).
Similarly, mean HbAlc (7.5% £ 1.5%) and UACR (139.3 *
275.3 mg/g) in the NPDR group were significantly higher (all
P < 0.001) than those in the NDR group (6.5% + 1.4% and
140 + 18.4 mg/g). No significant differences were observed
between the two groups in terms of IOP, OPP, DBP, SBP, MAP,
total cholesterol (TC), triglycerides (TG), high-density lipoprotein
(HDL), and low-density lipoprotein (LDL) levels (all P > 0.05).
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TABLE 2 Comparison of beta and gamma zone PPA between the NDR and NPDR groups.

Variables NDR (n = 46) NPDR (n = 44) P
Eyes with beta zone (%) 30 (65.2) 30 (68.2) 0.77*
Eyes with gamma zone (%) 32 (69.6) 28 (63.6) 0.55%
Width of beta zone (mm) 0.45 + 0.10 0.44 + 0.13 0.70"
Area of beta zone (mm?) 0.84 + 0.26 0.80 + 0.32 0.54"
Width of gamma zone (mm) 0.52 £ 0.18 0.39 + 0.14 <0.001"
Area of gamma zone (mm?) 0.96 + 0.44 0.57 £ 0.17 <0.001*
Beta zone vascular density (%)
Superficial capillary plexus (SCP) 31.64 + 5.80 31.08 + 5.38 0.34*
Deep capillary plexus (DCP) 34.01 * 6.09 33.42 + 3.94 0.66"
Choroidal capillary (CC) 49.39 + 6.42 4991 + 5.69 0.74"
Middle-to-large choroidal vessel (MLCV) 19.78 + 7.99 20.90 + 10.20 0.64"
Gamma zone vascular density (%)
Superficial capillary plexus (SCP) 3543 + 5.78 32.99 + 6.85 0.24*
Deep capillary plexus (DCP) 39.41 + 6.52 40.21 + 5.81 0317
Choroidal capillary (CC) 39.94 + 7.31 38.75 + 9.08 0.29"
Middle-to-large choroidal vessel (MLCV) 29.36 + 8.11 22.90 + 10.54 0.005"

* chi-square test.
" Student’s t-test.
# Mann-Whitney U test.

3.2 Comparison of beta and gamma zone
characteristics between the groups

In this study, a total of 60 eyes had a beta zone, with 30 (50.0%)
eyes in the NDR group and 30 (50.0%) eyes in the NPDR group (P =
0.77). Additionally, 60 eyes had a gamma zone, with 32 (53.3%) eyes
in the NDR group and 28 (46.7%) eyes in the NPDR group (P = 0.55)
(Table 2). The mean width of the gamma zone was significantly
smaller in the NPDR group (0.39 + 0.14 mm) compared to the NDR
group (0.52 = 0.18 mm) (P < 0.001). Similar statistically significant
differences were observed in the gamma zone area, where
individuals in the NPDR group exhibited a smaller gamma zone
area (0.57 + 0.17 mm”®) compared to those in the NDR group (0.96 +
0.44 mm®) (P < 0.001). Furthermore, the vascular density of MLCV
in the gamma zone was significantly lower in the NPDR group
(22.90% + 10.54%) compared to the NDR group (29.36% + 8.11%)
(P = 0.005).

After conducting a multiple forward stepwise linear regression
analysis, we examined the relationship between the width and area
of the gamma zone PPA and several independent variables,
including age, sex, BMI, FPG, HbAlc, UACR, TC, diagnosis of
DR, and axial length (Table 3). The findings revealed significant
associations between these variables and the width and area of
gamma zone. Specifically, the diagnosis of DR was found to have a
negative association with both the width and area of the gamma zone
(P=0.005and P < 0.001, respectively). This suggests that individuals
with a diagnosis of DR tend to have narrower and smaller gamma
zones. On the other hand, longer axial length was positively
associated with the width and area of gamma zone (P =
0.005 and P = 0.007, respectively) (Figure 3). This indicates that
individuals with a greater axial length tend to have wider and larger
gamma zones. These findings provide valuable insights into the
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relationships between the diagnosis of DR, axial length, and the
characteristics of the gamma zone.

3.3 Analyses of parapapillary vascular
parameters in beta and gamma zone

Table 4 presents the parapapillary vascular differences between
beta zone and gamma zone. The SCP density was 31.36% + 5.55% in
the beta zone and 34.29% * 6.37% in the gamma zone, showing a
statistically significant difference (P = 0.003). Similarly, the DCP
density in the gamma zone (39.78% + 6.16%) was significantly
higher than that in the beta zone (33.72% + 5.10%) (P < 0.001). The
DCP density of the gamma zone PPA was negatively correlated with
the width (P = 0.003) and area (P < 0.001) of the gamma
zone (Table 5).

Regarding the choroidal metrics, the beta zone exhibited a
higher CC density (50.96% + 6.93%) compared to the gamma
zone (38.72% * 8.68%), with a statistically significant difference
(P < 0.001). The CC density in the beta zone PPA was negatively
correlated with the width (P = 0.029) and area (P < 0.001) of the beta
zone. However, the MLCV density in the gamma zone (26.35% *
9.80%) was significantly higher than that in the beta zone (20.34% +
9.10%) (P < 0.001). Notably, the MLCV density of gamma zone PPA
was positively correlated with the width (P =0.004) and the area (P <
0.001) of the gamma zone.

4 Discussion

This study represents the first investigation into the impact of
DR on beta and gamma zone PPA. To achieve automated
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TABLE 3 Stepwise linear regression analysis of predictors for width and area of gamma zone PPA in all subjects.

Independent Factor

Unstandardized coefficients

SD SC Beta
Gamma zone width 0.272 Axial length 0.054 0.018 0.339 2.953 0.005
Diagnosis of DR ‘ —-0.117 ‘ 0.040 ‘ -0.339 -2.954 0.005
Gamma zone area 0.338 Axial length ‘ 0.112 ‘ 0.040 ‘ 0.308 2.810 0.007
Diagnosis of DR ‘ —0.345 ‘ 0.086 ‘ —-0.441 —4.023 <0.001

SC, standardized coefficients.

— °
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FIGURE 3
Scatterplot showing the correlation between width and area of
gamma zone PPA and axial length.

determination and quantification of the microstructure and
microcirculation of the corresponding beta zone and gamma
zone PPA, we employed a state-of-the-art deep learning
approach. Our findings indicate that patients with DR had a
significantly smaller gamma zone PPA compared to those
without DR, but no significant difference was observed in the
beta zone PPA. Additionally, we observed topographic differences
in the SCP, DCP, CC and MLCV between the beta zone and gamma
zone PPA. The gamma zone PPA exhibited higher densities of SCP,
DCP and MLCV, while the beta zone displayed higher CC density
compared to the gamma zone.

The gamma zone PPA is characterized by atrophy of the RPE
and BM. Previous studies have suggested a close relationship
between the formation and development of the gamma zone PPA
and AL (Jonas et al., 2016; Zhang et al., 2018). Our study confirmed a
similar result, showing that longer axial length was associated with
the width and area of the gamma zone. Furthermore, our multiple
forward stepwise linear regression analysis revealed that the
presence of DR independently increased the risk factor of a
narrower and smaller gamma zone PPA. This aligns with a study
by Lin et al. (2022), who reported a significantly smaller PPA-f area
in children with diabetes compared to healthy controls. However,
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their study did not differentiate between the beta zone and gamma
zone PPA, limiting the further exploration. Considering that the
choroidal circulation serves as the primary source of oxygen and
nutrients for the choroid and outer layers of the retina, one may
speculate that the effect of DR on the gamma zone PPA could be
associated with hyperglycemia-induced choroidal alterations.
Previous studies have indicated larger peripapillary choroidal
thickness (pCT) in individuals with diabetes compared to healthy
individuals (Li et al., 2020). It is possible that the increased supply of
peripapillary blood flow during the early stage of DR inhibits
atrophic changes to BM, thus slowing down the expansion of the
gamma zone PPA.

The beta zone PPA is defined as absence of RPE with
continued presence of BM. Previous studies have shown that
beta zone PPA is associated with age and the presence of
glaucoma (Dai et al, 2013; Kim et al, 2014). Sung et al.
(2018) found that myopic eyes with PPA + BM (indicating
beta zone PPA in this study) had the lowest superficial radial
peripapillary capillary (RPC) and deep vessel density, which were
closely negatively correlated with the width of the beta zone.
Similarly, we previously reported that the beta zone PPA in
myopic eyes had the lowest superficial RPC and choroidal
microvasculature compared to the other subzones of PPA, and
these parameters were negatively associated with the width and
area of the beta zone PPA (Hu et al., 2021). This study is partially
consistent with these findings, as we observed lower SCP, DCP
and MLCV densities in the beta zone compared to the gamma
zone. Both SCP and DCP densities were negatively associated
with the width and area of the beta zone PPA, indicating a
microcirculatory deficiency in the retinal layer of the beta
zone PPA. However, the density of CC measured in our study
was significantly lower than that reported in previous studies.
This difference could be attributed to the fact that the
participants in those studies were normal myopic eyes with a
mean age of no more than 30 years. Furthermore, diabetes and its
associated ocular complication, DR, are recognized risk factors
for increased peripapillary CC flow deficit percentage (CC FD%)
(Guo et al,, 2023; Wang et al., 2023). It is important to note that
the SS-OCTA we utilized in our study showed higher sensitivity
and image resolution in distinguishing between CC and MLCV
compared to conventional SD-OCTA, which may explain the
differences in outcome.

The gamma zone PPA is primarily formed by oblique border
tissue in the absence of the BM. The underlying choroidal structure
in the gamma zone PPA is distinct from its original status without
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TABLE 4 Comparison of parapapillary vascular density in beta zone and gamma zone PPA.

Variables Beta zone Gamma zone P-value
Corresponding subzone width (mm) 0.44 + 0.12 0.46 + 0.17 0.88*
Corresponding subzone area (mm?) 0.82 + 0.29 0.78 + 0.39 0.09*
Corresponding retinal vascular density (%)
Superficial capillary plexus (SCP) 31.36 + 5.55 34.29 + 6.37 0.003*
Deep capillary plexus (DCP) 33.72 £ 5.10 39.78 + 6.16 <0.001"
Corresponding choroidal vascular density (%)
Choroidal capillaries (CC) 49.65 + 6.02 39.38 + 8.14 <0.001*
Middle-to-large choroidal vessel (MLCV) 20.34 +9.10 26.35 + 9.80 <0.001"

" Student’s t-test.
# Mann-Whitney U test.

TABLE 5 Correlation with the width and area of beta and gamma zone PPA.

Variables Beta width

Corresponding retinal vascular density (%)

Gamma width

Beta area

P P

Superficial capillary plexus (SCP) -0.06 0.67 -0.02 0.87 0.05 0.69 0.04 0.74

Deep capillary plexus (DCP) —-0.02 0.86 -0.16 0.22 -0.38 0.003 -0.42 <0.001
Corresponding choroidal vascular density (%)

Choroidal capillaries (CC) -0.47 <0.001 —-0.45 <0.001 -0.04 0.78 -0.09 0.49

Middle-to-large choroidal vessel (MLCV) 0.14 0.29 0.17 0.20 0.37 0.004 0.48 <0.001

* P-value adjusted for axial length.

gamma zone formation (Kim et al., 2018). Our data revealed that the
gamma zone had a lower CC density compared to the beta zone
PPA, suggesting that the CC in gamma zone would decrease first
following the absence of RPE and BM. Additionally, we found that
MLCV density in the gamma zone PPA was significantly lower in
NPDR group compared to the NDR group. Previous studies have
indicated that the peripheral choroid is more susceptible to diabetes-
induced injury than the central area (Xu et al., 2023), which could
explain the decrease of MLCV density adjacent to the optic disc
preceding changes in the macular area. As the gamma zone PPA
enlarges, the self-regulatory mechanism of MLCV compensates for
the decrease in CC perfusion, maintaining the basic oxygen and
nutrient requirements of the retina. This may elucidate the positive
correlation observed between MLCV density and the width and area
of the gamma zone PPA.

There are several limitations in the present study. Firstly, the
participants enrolled in our study primarily consisted of older
individuals with T2DM, therefore, our findings may not
applicable to children with Type 1 Diabetes Mellitus (T1DM).
Secondly, our study excluded healthy subjects without diabetes as
well as subjects with proliferative diabetic retinopathy (PDR).
Including these two groups in future studies could provide
further information. Thirdly, all subjects were from the same
center and the sample size was relatively small. Lastly, due to the
inherent limitations of the cross-sectional design, we were unable to
observe longitudinal and

changes in the microstructure

Frontiers in Cell and Developmental Biology

microvasculature of the beta and gamma zone PPA in diabetes
with or without DR. Therefore, further exploration of the
relationship between gamma zone PPA and the development of
DR over time should be conducted through larger multi-center
longitudinal studies.

In conclusion, our findings demonstrated that DR-induced
peripapillary vascular changes primarily occur in the gamma
zone PPA. After accounting for AL, our study reveals a negative
correlation between DR and gamma zone PPA. Longitudinal studies
are necessary to elucidate the role of the gamma zone in the
development and progression of DR.
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