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Editorial on the Research Topic

Advances in the research of diabetic retinopathy, volume II
Diabetic retinopathy (DR) is a progressive disease of the retina. Diabetic retinopathy

occurs because of long-term accumulated functional and structural impairments in the

diabetic retina. The global prevalence of any DR form among diabetic patients is estimated

to be around 27.0% (1). It takes several years before any clinical signs of DR appear in a

diabetic patient, making it difficult to properly evaluate and diagnose the patient at an early

stage of the disease. Diabetic retinopathy is a multifactorial disease arising from the

complex interplay between dysregulated biochemical and metabolic pathways. Diabetic

retinopathy begins as non-proliferative retinal abnormalities and progresses to proliferative

diabetic retinopathy (PDR), characterized by a persistent low grade of inflammation and

neovascularization (2, 3). The implication of several inflammatory pathways and

angiogenesis processes complicates the pathology through the initiation of retinal

neovascularization, vitreous hemorrhage, and/or tractional retinal detachment, which are

hallmark features of PDR (4).

Clinically, the use of photocoagulation and vitrectomy remains the standard of care for

treating severe complications of PDR. However, these treatments are either destructive or

their successful implementation approaches are limited. Additional PDR treatment

strategies involve surgical procedures to remove a thin epiretinal membrane from the

surface of the retina, which further allows the retina to remodel and reattach. Despite

dramatic developments, vitreoretinal surgery for epiretinal membranes is often

dissatisfying both anatomically and functionally (5, 6).

The discovery of the role of the potential angiogenic modulator vascular endothelial

growth factor (VEGF) in PDR has led to the development of anti-VEGF agents as therapies.

However, limitations to anti-VEGF interventions exist that include a short duration of

action, the presence of adverse side effects, and a poor response in a significant percentage

of patients (7, 8). Furthermore, various pro-inflammatory and angiogenic factors other

than VEGF may play a role in PDR (reviewed in (2, 9)), causing resistance to anti-

VEGF interventions.
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This observation, therefore, suggests that PDR-associated

pathogenesis is multifactorial and that factors beyond VEGF may

be playing a role in the initiation and progression of the disease.

Thus, more theoretical, or clinical insight into the pathogenesis of

diabetic retinopathy is warranted. More profound knowledge could

help in developing novel approaches to target dysregulated

molecular pathways, or increasing target affinity, and shortening

treatment durability for the management of PDR.

Given the success of the first edition of the Research Topic

Advances in the Research of Diabetic Retinopathy (10), and the

continuing advancement in the field, we aimed to launch Volume II

of the edition. The aim of Volume II was to seek more research

articles exploring new paradigms toward understating the

pathological mechanisms that are involved in early retinal

vascular damage in patients with diabetic retinopathy. To meet

this demand, Volume II of the edition was also overwhelmed by the

publication of many exciting articles, including original research as

well as reviews. Articles addressing or discussing new therapeutic

implications for the early management of diabetic retinopathy were

given equal space.

The editor of this topic strongly believes that articles published

in volume II of the Research Topic could have added some

knowledge to improve our understanding of the pathogenesis

associated with diabetic retinopathy.

Likewise, the work by Su et al. reported that a genetically higher

hip circumference is associated with a lower risk of DR. Serum

levels of acylcarnitine 8:0 (Jin et al.) and cellular communication

network factor-1 (Xiang et al.) can serve as predictive biomarkers

for DR identification at an early stage of the disease. Using a

confocal scanning laser ophthalmoscope, Song et al. demonstrated

that the retinal branch arterial tortuosity may be a direct and

specific indicator for early detection or assessment of DR severity.

Recent scientific advancements in the use of scanning swept-source

optical coherence tomography angiography (SS-OCTA) devices

(Zeng et al., Qi et al., Xu et al., Lin et al., and Li et al.) could be

an important clinical tool in assessing the early diabetes-induced

changes in choroidal or retinal capillaries in DR patients.

Furthermore, using OCT, Yao et al. showed preclinical DR may

be more severe in diabetic nephropathy (DN) individuals in regard

to microvascular and microstructural impairments. Similarly,

Xiaodong et al. demonstrated that peripheral blood inflammatory

biomarkers and OCT retinal macular imaging indexes have

important value for risk prediction and diagnosis of DN in

combination with DR. Hsieh et al. showed partial inner segment-

outer segment layers are predictive of better response, whereas the

presence of epiretinal membrane is a significant predictor of poor

response to anti-VEGF treatment in eyes with diabetic

macular edema.

Nevertheless, the use of artificial intelligence, or machine

learning, and risk nomogram prediction models has been finding

its place as a training aid system for assessing the degree of DR

pathogenesis in type 2 diabetic patients. Accordingly, using fundus

images from real-world diabetics, Qian et al. discussed the AI-based

system for high diagnostic accuracy for the detection of DR. Wang
Frontiers in Endocrinology 027
et al. developed a predictive risk nomogram using retinal vascular

geometry parameters and clinical information with no blood test

requirements to facilitate risk stratification and early detection of

DR. Independent common or potential predictors were tested to

establish and validate a predictive model for DR (Yang et al., Wang

et al.). Such a quick screening model can assist clinicians and

researchers, based on a minimal amount of clinical data, to

quickly determine if a diabetic patient is prone to developing DR.

Among the review topics discussing advancements in PDR

treatment strategies, Lin et al. discussed targeted retinal

photocoagulation, an emerging laser technology, in combination

with anti-VEGF for the management of retinal diseases. A network

meta-analysis review article by Wang et al. concluded that there are

no distensible effects of intraoperative intravitreal conbercept (IVC)

on PDR, but preoperative, except for very long intervals, is an

effective adjuvant to par-plana vitrectomy for treating PDR. The

analysis was indeed confirmed in an original article by Yang et al.

showing that an IVC treatment that was administered 7 days

preoperatively was associated with better effectiveness and a lower

vitreous VEGF concentration than its administration at other

time points.

A growing piece of evidence suggests that various pro-

inflammatory and angiogenic factors, other than VEGF may play a

role in the progression of pathogenesis associated with PDR.

Accordingly, a review by Xu et al. highlights the therapeutic roles

of pigment epithelium-derived factors and their receptors in the

diagnosis andmanagement of retinal diseases, including PDR. Lastly,

two review articles report the significance of oral Chinese patent

medicines in improving visual acuity and fundus lesions in non-PDR

(Liu et al.) and PDR (Huai et al.) patients. However, the relevant

clinical trials on the use ofmany such Chinesemedicines are few, and

more high-quality clinical trials await to determine their effectiveness

and safety. Towards this, a study by Kim et al. suggests that a 60%

edible ethanolic and catechin 7-O-b-Dapiofuranoside extract of

Ulmus davidiana could be a potential therapeutic agent for

reducing vascular leakage by preventing pericyte apoptosis in DR.

In conclusion, Volume II of the Research Topic brings new

insights and novel data toward understanding the early retinal

vascular damage or pathological mechanism involved in the

initiation and progression of diabetic retinopathy. The pool of

data obtained using an ultrawide SS-OCTA device or predictive

nomogram model provides a wealth of knowledge regarding the

early assessment or pathological grading of DR. A few research

articles dedicated to understanding the role of potential biomarkers

could open new therapeutic avenues for the early management of

diabetic retinopathy. Nevertheless, the adjuvant effects of

conbercept or oral Chinese medicine could be a game changer for

the management of diabetic retinopathy.

The editor of this Research Topic strongly feels that this set of

articles could be a benchmark and may add some clinical knowledge

in the field of diabetic retinopathy. Last but not least, the editor

invites more interdisciplinary research towards early assessment

and development of treatment strategies for the management of

diabetic retinopathy.
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Tortuosity of branch retinal
artery is more associated with
the genesis and progress of
diabetic retinopathy
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Yaoyao Zhou2, Shanshan Zhu5* and Shuo Chen1,6*

1College of Medicine and Biological Information Engineering, Northeastern University,
Shenyang, China, 2School of Innovation and Entrepreneurship, Liaoning Institute of Science and
Technology, Benxi, China, 3Department of Ophthalmology, Shengjing Hospital, China Medical University,
Shenyang, China, 4Department of Endocrinology, Shengjing Hospital, China Medical University, Shenyang,
China, 5Research Institute for Medical and Biological Engineering, Ningbo University, Ningbo, China, 6Key
Laboratory of Intelligent Computing in Medical Image, Ministry of Education, Shenyang, China
Objective: The purpose of this study is to investigate the potential of using the

tortuosity of branch retinal artery as a more promising indicator for early

detection and accurate assessment of diabetic retinopathy (DR).

Design and method: The diagnoses, consisting of whether DR or not as well as

DR severity, were given by ophthalmologists upon the assessment of those

fundus images from 495 diabetic patients. Meanwhile, benefiting from those

good contrast and high optical resolution fundus images taken by confocal

scanning laser ophthalmoscope, the branch arteries, branch veins, main

arteries and main veins in retina can be segmented independently, and the

tortuosity values of them were further extracted to investigate their potential

correlations with DR genesis and progress based on one-way ANOVA test.

Results: For both two comparisons, i.e., between non-DR group and DR group as

well as among groups with different DR severity levels, larger tortuosity increments

were always observed in retinal arteries and the increments in branch retinal vessels

wereeven larger. Furthermore, itwasnewly foundthatbrancharterial tortuositywas

significantly associatedwith bothDRgenesis (p=0.030) andDRprogress (p<0.001).

Conclusion: Based on this cohort study of 495 diabetic patients without DR and

with different DR severity, the branch arterial tortuosity has been found to bemore

closely associated with DR genesis as well as DR progress. Therefore, the branch

arterial tortuosity is expected to be a more direct and specific indicator for early

detection of DR as well as accurate assessment of DR severity, which can further

guide timely and rational management of DR to prevent from visual impairment or

even blindness resulting fromDR.

KEYWORDS

diabetic retinopathy, vascular tortuosity, branch retinal vessels, fundus imaging,
retinal vessel analysis
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Introduction

Diabetic retinopathy (DR) is a common microvascular

complication of diabetes (1, 2). The number of DR patients

worldwide is approximately 95 million (3), and is estimated to

reach 156 million by 2045 (4). The local hypoxia caused by

hyperglycemia can induce elevated vascular permeability,

intraretinal vascular leakage and neovascularization, eventually

leading to vision impairment or even blindness (5). However, it is

reported that 90% of such vision impairment or blindness can be

prevented by the early diagnosis and rational intervention (6, 7).

Currently, fundus imaging has been suggested as a regular

examination for DR screening at least once a year (8). However,

at its early stage, the DR patients rarely suffer from self-perceived

vision impairment and the clinical symptoms are often unnoticeable

on fundus images, thus its early and accurate diagnosis is still

challenging and relies heavily on clinicians’ experience.

Because retinal microvascular damage induced by high-

glucose level is typically recognized as the major cause of DR,

the retinal microvascular parameters, such as caliber, fractal

dimension and tortuosity (9, 10), have demonstrated to be

important indicators to quantitatively associate with the early

diagnose of DR (11, 12). Among those retinal microvascular

parameters, the changes of retinal microvascular tortuosity has

been reported to occur earlier than others (13), and is an

important hallmark of retinal ischemia that is closely

associated with the genesis and progress of DR (14).

Numerous studies have been implemented to investigate the

correlation between the retinal vascular tortuosity and DR in

diabetic patients. Mustafa et al. obtained the global tortuosity

from 4 DR patients and 16 diabetic patients without DR in

DRIVE (15) and STARE databases (16, 17), and higher global

tortuosity was observed in DR patients. Moreover, Lee et al.

found that increased global tortuosity was also associated with

higher level of DR severity, which was investigated on 121

diabetic patients with different levels of DR severity (18).

Besides, Sasongko et al. calculated the tortuosity values of

retinal arteries and veins separately based on the color fundus

photographs of 144 diabetic patients with different levels of DR

severity and 80 diabetic patients without DR; only arterial

tortuosity showed statistically significant increase between DR

group versus non-DR group as well as between mild DR group

versus moderate DR group (19, 20). In the above previous

studies, the investigations were mainly focused on the

tortuosity of main retinal vessels in the absence of branch

retinal vessels, due to the relative low contrast of color fundus

images and the lack of proper method for branch retinal vessel

extraction. However, the abnormalities of branch retinal vessels,

causing extracellular matrix protein synthesis and capillary

basement membrane thickening, have been proved to be the

major pathological basis underlying abnormal main blood

vessels in diabetic patients (21, 22). In addition, anomalous
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angiogenesis can be induced by the nutrient matrix leaked from

abnormal retinal vessels, which leads to the acceleration of DR

progress (23). Therefore, we infer that branch retinal vessels

might have higher correlation with both DR genesis and

progress compared to main retinal vessels, in which the

tortuosity only from the branch retinal vessels might serve as a

more conducive indicator for early diagnosis and accurate

assessment of DR. However, to the best of our knowledge,

there has been no effort in the literature related to

investigating correlation between tortuosity of branch retinal

vessels and DR.

In this study, fundus images with good contrast and high

optical resolution (∼15mm) were taken by confocal scanning

laser ophthalmoscope from 495 diabetic patients without DR

and with different DR severity levels. Benefiting from those good

contrast and high optical resolution fundus images, the branch

arteries, branch veins, main arteries and main veins in retina can

be segmented separately, and the tortuosity values of them were

further extracted to investigate their potential correlations with

DR genesis and progress based on statistical analysis, i.e. one-

way ANOVA test. According to the results, the tortuosity of

branch arteries showed much larger increment from patients

without DR to patients with DR as well as from patients with low

level DR severity to patients with high level DR severity.

Interestingly, it is newly found that branch arteriolar tortuosity

was statistically correlated with both DR genesis (p=0.030) and

progress (p<0.001). Therefore, it is expected that the tortuosity

of branch retinal arteries can serve as a more promising

indicator for the early detection and accurate assessment of

DR, which can be helpful for guiding rational management of

diabetic retinopathy.
Materials and methods

Study participants and fundus
image collection

In this study, a total of 495 patients with type 2 diabetes were

recruited from the Endocrinology Department of Shengjing

Hospital in China. A pair of fundus images from each patients,

i.e., green channel fundus image with 520nm laser and infrared

channel fundus image with 780nm laser, were taken by a non-

mydriatic confocal scanning laser ophthalmoscope (EasyScan, i-

Optics Inc., Netherlands) with 45° field of view. With the

employment of confocal optical setup, stray light from the lens

and viscous body can be prevented, allowing high optical

resolution (~15mm) and good contrast. The green channel

fundus image was chosen for further diagnosis and analysis,

because of its optimal blood vessel contrast, as show in

Figure 1A. The fundus image of right eye was preferably

chosen for further image processing and analysis; if the fundus
frontiersin.org
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image of right eye suffered from low quality (e.g. containing

incomplete, blurred regions and/or more than two ungradable

vessels), the fundus image of left eye would be chosen instead.

The diagnoses, consisting of whether DR or not as well as the DR

severity, were given by the ophthalmologists upon the

assessment of green channel fundus image following an

international clinical DR severity scales (24). More specifically,

all patients can be divided into DR and non-DR groups

according to whether at least one microaneurysm or

hemorrhage can be observed or not; and patients in DR group

can be further subdivided into groups with different levels of DR

severity, i.e., V1 group (mild non-proliferative DR), V2 group

(moderate non-proliferative DR) and V3 group (severe non-

proliferative DR and proliferative DR). The patients’ detailed

characteristics were listed in Table 1. This study has been

approved by the medical ethics committee of Shengjing

Hospital of China Medical University, and the signed consent

forms were obtained from all participants.
Frontiers in Endocrinology 03
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Vascular segmentation, tortuosity
extraction and statistical analysis

The green channel fundus images obtained by confocal

scanning laser ophthalmoscope were used as the input of Retinal

Health Information and Notification System (RHINO) software

(25, 26) to extract and differentiate arterial and venous retinal

vessels. More specifically, a local normalization was first performed

on the original retinal images to alleviate varying contrast problem

caused by non-uniform illumination; then, the rotating multiscale

second-order Gaussian derivative filters (27) were employed to

enhance the retinal vessels and further segment them with proper

thresholds;finally, the features of the segmented retinal vessels were

extracted, including the mean, standard deviation, median,

minimum and maximum of the intensities inside circular regions

and the intensity values along the center line of each retinal vessels,

and inputted into a logistic regression classifier to differentiate

retinal arteries and veins. Those extracted retinal vessels were
TABLE 1 The detailed characteristics of patients in different groups.

Characteristics Non-DR group (n = 122) DR group

V1 (n = 200) V2 (n = 139) V3 (n = 34)

Sex (male/female) 69/53 120/80 80/59 19/15

Age (years) 49.1 ± 15.20 48.5 ± 11.40 56.4 ± 11.50 55.5 ± 10.60

HbA1c (%) 8.9 ± 2.40 8.9 ± 2.30 8.8 ± 2.10 8.61 ± 2.14

Fasting blood sugar (mmol/L) 9.3 ± 3.50 9.3 ± 3.30 9.3 ± 3.70 9.4 ± 4.26

Body mass index (kg/m²) 26.00 ± 4.00 26.0 ± 3.90 25.1 ± 3.10 25.0 ± 2.80
Data are mean ± SD unless otherwise indicated.
A B

FIGURE 1

(A) A green channel fundus image taken by confocal scanning laser ophthalmoscope and (B) the extraction of main arteries, main veins, branch
arteries and branch veins.
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further segmented into main and branch retinal vessels by a semi-

automatic method based on region growing according to the

following criterion: only the largest vessels originated from the

retinal vessels in optic disk were defined as main retinal vessels

while the others were defined as branch retinal vessels, as

demonstrated in Figure 1B. The outcomes of vessel segmentation

and classification were assessed by ophthalmologists and corrected

when necessary. Furthermore, the overall tortuosity values of the

above four retinal vessel types, i.e., the main artery, main vein,

branch artery and branch vein, were calculated based on a

published method developed by Bekkers et al. (28) More

specifically, the planar retinal vessels were lifted to 3D functions

with an additional orientation dimension by convoluting with a

specially designed anisotropic cake-wavelet, curvature and

confidence values of each location were then extracted by locally

fitting exponential curves, and the overall tortuosity of each type of

retinal vessels can be derived by the weighted average of the

curvatures with confidences as weights (29–31).

The overall tortuosity values of four different retinal vessel

types from each patient were served as the independent inputs of

the statistical analysis to investigate their potential correlations

with DR genesis and progress, respectively. The one-way

ANOVA test was implemented to analyze the overall

tortuosity values between DR group and non-DR group and

the overall tortuosity values among groups with different levels

of DR severity, i.e., V1, V2 and V3 groups, and p < 0.05 was

considered as statistically significant. The above statistical

analyses were conducted by SPSS version 26.0.
Results

The average overall tortuosity values of main arteries, main

veins, branch arteries and branch veins between DR group and

non-DR group are listed and plotted in Table 2 and Figure 2,

respectively. According to Table 2 and Figure 2, it can be found

that the average overall tortuosity of DR group are always larger

than those of non-DR group in all types of retinal vessels, which is

consistent with the findings of larger global tortuosity in DR

patients in other studies (17, 19); furthermore, larger increments

of average overall tortuosity are always observed in retinal arteries,

and the increments in branch retinal vessels are even larger than
Frontiers in Endocrinology 04
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those in main retinal vessels; moreover, the statistically significant

difference is only observed in branch retinal arteries (p=0.030).

The average overall tortuosity values of main arteries, main

veins, branch arteries and branch veins among groups with

different levels of DR severity (i.e., V1, V2 and V3) are listed

and plotted in Table 3 and Figure 3, respectively. According to

Table 3 and Figure 3, it can be found that the average overall

tortuosity values of all types of retinal vessels increase with higher

level of DR severity, which is consistent with the findings of larger

global tortuosity in patients with higher level of DR severity in

other studies (19, 26), and the increments from V2 to V3 are even

larger than those from V1 to V2; furthermore, larger increments

of average overall tortuosity are always observed in retinal arteries,

and the increments in branch retinal vessels are even larger than

those in main retinal vessels; moreover, statistically significant

differences are observed in both branch retinal arteries (p<0.001)

and branch retinal veins (p=0.049), however, the branch retinal

arteries yield much larger statistically significant difference.
Discussions

Although several previous studies have already investigated the

association between retinal vascular tortuosity and diabetic

retinopathy, they mainly focused on the global tortuosity of main

retinal vessels in the absence of branch retinal vessels, due to the

relative low contrast of color fundus images and the lack of proper

method for branch retinal vessel extraction. To the best of our

knowledge, this study is for the first time that the correlation

between the tortuosity of branch retinal vessels and diabetic

retinopathy is comprehensively investigated, benefiting from the

high contrast fundus images acquired by confocal scanning laser

ophthalmoscope and proper branch retinal vessel extraction

method. According to the results from 495 diabetic patients, it

has been newly found that the tortuosity of branch retinal artery

should be more associated with the genesis and progress of diabetic

retinopathy, thus the tortuosity of branch retinal artery is expected

to serve as a more promising indicator for the early detection and

accurate assessment of diabetic retinopathy. More specifically, for

both two comparative experiments, i.e., between non-DR group

andDRgroup aswell as amongdifferent levels ofDR severity, larger

tortuosity increments were always observed in branch retinal
TABLE 2 Comparison of the average overall tortuosity values between DR group and non-DR group.

Average overall tortuosity (×104) F value p value

Non-DR group DR group Difference

Main artery 10.27 ± 4.16 10.69 ± 4.41 0.42 0.027 0.868

Main vein 11.92 ± 3.53 12.18 ± 3.79 0.26 0.003 0.985

Branch artery 9.31 ± 4.72 10.15 ± 5.73 0.84 4.746 0.030*

Branch vein 10.42 ± 4.31 10.73 ± 4.41 0.31 3.210 0.074
fronti
*refers to with statistically significant difference.
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vessels, compared to main retinal vessels; furthermore, statistically

significant differences were observed in the tortuosity values of

branch retinal arteries for both those two comparative experiments.

Thus, the branch arterial tortuosity should be more closely

associated with DR genesis as well as DR progress. The potential

underlying mechanisms are interpreted as follows.
DR group versus non-DR group

The larger increment of average overall tortuosity in retinal

arteries can be attributed to the fact that blood pressure in

arteries is typically higher than that in veins, thus the arterial

vascular walls are expected to suffer greater damage due to

greater hemodynamic insult. Another reason might be that the

arterial occlusion is one of the key pathogenic factors for venous

occlusion (32) and commonly occurs earlier, thus such earlier

vascular occlusion in retinal artery caused by hyperglycemia is

supposed to induce more abnormality in retinal arterial

tortuosity. The larger increments of average overall tortuosity

in branch retinal vessels can be attributed to the fact that branch

vessels with small sizes are more sensitive to hyperglycemia and

the subsequent hypoxia-ischemia (33). Based on the joint action

of the above two aspects, the largest increment of the average

overall tortuosity from non-DR group to DR group is supposed

to be found in branch retinal arteries, which further lead to the
Frontiers in Endocrinology 05
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statistically significant difference between the average overall

tortuosity values of those two groups. Therefore, the branch

arterial tortuosity is expected to be a more direct and specific

indicator for identifying DR.
Groups with different DR severity levels

The larger increments in arterial and branch vessels can be

attributed to the similar facts as discussed above, i.e., higher

blood pressure in arteries and vulnerability of branch vessels.

The sharper increments of average overall tortuosity from V2 to

V3 in branch retinal vessels might be due to the additional

vigorous neovascularization (34), which is an unique feature in

V3 diabetic retinopathy (35). The underlying mechanism is as

follows: hyperglycemia first induces hypoxia-ischemia and

further leads to the over-expression of vascular endothelial

growth factor (VEGF) (36, 37), i.e., a hypoxia-inducible

cytokine to promote neovascularization (38–40), neo-vessels

then branch off from pre-existing branch vessels, bend slowly

and even cluster in balls (tufts), leading to elevated tortuosity of

branch vessels (41), thus the increased tortuosity of branch

retinal vessels may signal pathogenic neovascularization

induced by hyperglycemia. Recently, Lee et al. have

experimentally proved the close relationship between the

global tortuosity of retinal vessels and neovascularization in a
TABLE 3 Comparison of the average overall tortuosity values among groups with different levels of DR severity.

Average overall tortuosity (×104) F value p value

V1 group V2 group V3 group Difference (V3 - V1)

Main artery 10.50 ± 4.38 10.84 ± 4.66 11.28 ± 3.41 0.78 0.573 0.565

Main vein 12.17 ± 3.98 12.18 ± 3.63 12.28 ± 3.38 0.11 0.011 0.989

Branch artery 9.48 ± 5.11 10.18 ± 5.52 13.96 ± 8.26 4.48 9.271 <0.001*

Branch vein 10.35 ± 3.90 10.88 ± 4.61 12.31 ± 5.90 1.96 3.041 0.049*
fronti
*refers to with statistically significant difference.
FIGURE 2

The relationship between retinal vascular tortuosity and DR genesis.
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rat model, in which larger global tortuosity of retinal vessels was

observed in rats with more vigorous retinal neovascularization

(33). Interestingly, the average overall tortuosity values of branch

retinal vessels are close or even much higher than those of main

retinal vessels in V3 group, which can be an indirect evidence for

the occurrence of hyperglycemia based retinal vascular

distortion even during neovascularization. Therefore, the

branch vascular tortuosity, especially the branch arterial

tortuosity, is expected to be a more direct and specific

indicator for assessing DR severity.
Conclusion

In this study, good contrast and high optical resolution retinal

photographs taken by confocal scanning laser ophthalmoscope

were used to obtain the overall tortuosity values of main arteries,

main veins, branch arteries and branch veins, respectively. Based

on the statistical analysis of overall tortuosity, the branch arterial

tortuosity should be more closely associated with DR genesis as

well as DR progress, and is also expected to be a more direct and

specific indicator for early detection of DR as well as accurate

assessment of DR severity, which can further guide timely and

rational management of DR to prevent from visual impairment or

even blindness resulting from DR.
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FIGURE 3

The relationship between retinal vascular tortuosity and DR progress.
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diabetic retinopathy: A study
from Eastern China
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Zejie Zhang1, Hui Wang1, Jingjing Zuo2,3,
Chao Zheng4* and Guangyun Mao1,2,3*
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School of Ophthalmology and Optometry, Wenzhou Medical University, Wenzhou, China, 3National
Clinical Research Center for Ocular Diseases, Wenzhou Medical University, Wenzhou, China,
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Background and purpose: Acylcarnitines (ACars) are important for insulin

resistance and type 2 diabetes (T2D). However, their roles in diabetic

retinopathy (DR) remain controversial. In this study, we aimed to investigate

the association of ACars with DR and their values in DR detection.

Methods: This was a two-center case-control study based on the propensity

score matching approach between August 2017 to June 2018 in Eastern China.

Multivariable logistic regression models were applied to estimate the

association of plasma ACars with DR. Differential ACars were screened by

models of least absolute shrinkage and selection operator, elastic net, and

weighted quantile sum regression, and their roles in DR identification were

further evaluated by the area under the receiver operating curve (AUC).

Results: Eight of twenty plasma ACars (8:0, 12:0, 12:1, 14:1, 16:2, 18:0, 18:2 and

18:3) were associated with DR, while only ACar 8:0 was selected by three

variable selection methods. As compared to those with the 1st tertile of ACar

8:0, the adjusted odds ratio (OR) and 95% confidence interval (CI) of DR were

0.22 (0.08, 0.59) and 0.12 (0.04, 0.36) for subjects in the 2nd and 3rd tertiles,

respectively (P for trend < 0.001). Consistent associations were also observed in

both restricted cubic spline regression models and subgroup analyses. AUC

(95% CI) were 0.74 (0.66, 0.82) for ACar 8:0 alone and 0.77 (0.70, 0.85) for ACar

8:0 combined with covariates.

Conclusions: Our findings suggest higher ACar 8:0 is significantly associated

with a decreased risk of DR, which provides a unique window for early

identification of DR.

KEYWORDS

plasma acylcarnitines, type 2 diabetes, diabetic retinopathy, propensity score
matching, Acylcarnitine 8:0
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Introduction

Diabetes mellitus (DM) is spiraling out of control and leads

to a variety of important diseases (1). The number of diabetic

retinopathy (DR), a chronic eye disease caused by DM, has also

increased rapidly over the past few decades and is expected to

rise from 93 million in 2012 to 224 million in 2040 (2). Due to

the insidious onset of DR, almost all patients are diagnosed at a

moderate or advanced stage (3), which not only leads to a

decrease in clinical efficacy but also results in a huge waste of

limited healthcare budgets. Therefore, it is critical to identify

potential biomarkers to prevent and screen for DR.

It is reported that strict glycemic control cannot completely

prevent the development from DM to DR (4), while disorders of

lipid metabolism may play a key role in the pathogenesis of DR

(5). A recent study revealed that carnitine metabolites were

altered in patients with DR compared to those without DR (6),

which provides a unique window for early identification of DR

through novel lipid biomarkers. Acylcarnitine (ACar) is one of

the acetyl derivatives of L-carnitine which plays a key role in the

b-oxidation of long-chain fatty acids through the inner

mitochondrial membrane (7, 8). Therefore, the accumulation

of ACar is regarded as a response to the dysregulation of fatty

acid oxidation (9). Available evidence shows that the level of

specific ACars is different in patients with obesity, insulin

resistance, metabolic syndrome, and diabetes compared to

healthy participants (10–13). However, studies on the

relationship between ACar and DR are scarce. An untargeted

metabolomics study via high-resolution mass spectrometry

found that plasma levels of deoxynivalenol in patients with

diabetic retinopathy were higher than in diabetic controls (6).

Another more intensive study from northern China found that

multiple ACars (C2, C14DC, C16, C18:1OH, C18:1) were

negatively associated with risk of retinopathy in patients with

type 2 diabetes (14). However, the evidence based on population

remains limited and the relationship of ACars with DR is

controversial. In addition, an important question on whether

ACars can serve as appropriate biomarkers for DR identification

is not yet fully answered, either.

In this study, we aim to clarify the relationship between DR

and plasma ACars, as well as to assess the role of plasma ACars

in distinguishing DR from type 2 diabetes mellitus. These may be

helpful to further elucidate the pathogenesis of DR and provide

new insights into the possibility of new treatment development.
Materials and methods

Research subjects

This was a two-center case-control study, which is a

propensity score matching (PSM) based lipidomics study

conducted in China between August 2017 and June 2018.
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Detailed information on this study design and participants can

be found in our previous works (15–17). In brief, a total of 195

patients with type 2 diabetes (T2D) patients (83 with DR and

112 without DR) aged over 35 years and free from type 1

diabetes, cardiovascular diseases, cerebrovascular diseases,

hyperkalemia, cancers, infectious diseases, or other chronic

systemic diseases were recruited from two affiliated hospitals

of Wenzhou Medical University and Anhui Medical University.

To adjust for potential effects of possible confounders and

improve the comparability of the results to some extent, the

PSM approach was applied, in which T2D patients with DR

(case) and those without DR (control) were matched at a ratio of

1:1 by age, sex, body mass index (BMI), blood pressure (BP) and

glycated hemoglobin A1c (HbA1c) (Supplementary Figure 1).

Finally, a total of 69 pairs of cases and controls were included in

this study. The cases included 58 with non-proliferative diabetic

retinopathy (NPDR: 6 mild, 27 moderate, and 25 severe) and 11

with proliferative diabetic retinopathy (PDR).
Definition of DM and DR

T2D was defined as self-reported doctor diagnosis of

diabetes, use of insulin or oral hypoglycemic medication, or

according to the standard criteria recommended by the World

Health Organization (WHO): venous plasma glucose

concentration ≥ 11.1 mmol/L (1 mmol/L = 18 g/L) or fasting

plasma glucose concentration > 7.0 mmol/L or the 2h glucose

concentration ≥ 11.1 mmol/L in oral glucose tolerance test

(OGTT) (18). The determination of DR was independently

assessed by two experienced ophthalmologists strictly

following the clinical diagnostic and image screening

guidelines (19). The stages of DR were further graded as mild

non-proliferative DR (NPDR), moderate NPDR, severe NPDR,

and proliferative DR (PDR) by the same ophthalmologists. The

details on the DR diagnosis can be found in the Supplementary

Materials of this manuscript.
Demographic and clinical variables

Demographic variables including age, gender, duration of

diabetes, smoking habits, alcohol consumption, occupation, and

education were obtained by using a standardized questionnaire.

This procedure was carried out by two systematically trained

researchers strictly following the standard operation procedures

(SOP) and quality control protocols specially prepared for this

study. Besides, all participants also received anthropometric

measurements such as weight, height, and blood pressure.

Body mass index (BMI) was calculated using a formula as

BMI = weight (kg)/height (m)2. After at least 8 hours of

fasting, the blood of each participant was collected, separated

into serum and plasma, and stored at -86°C strictly following the
frontiersin.org
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SOP for future assessment. An automated biochemical analyzer

(Roche, Cobas c311) was used to obtain clinical features

including fasting plasma glucose (FPG), HbA1c, and routine

lipid profiles such as low-density lipoprotein cholesterol (LDL-

C), high-density lipoprotein cholesterol (HDL-C), total

cholesterol (TC), and triglyceride (TG).
Determination of plasma ACars levels

Plasma ACars were carefully profiled by an experienced,

professional technician from the central laboratory of Shanghai

ProfLeader Biotech Co., China. The details of metabolomics

methods used can also be found in the Supplementary Materials.

In short, the thawed plasma samples were added with internal

standard, methanol and methyl tert-butyl ether (MTBE), etc.,

and then vortex shaken, ice-water ultrasonic bath, rested,

centrifuged, and dried before the assessment by ultra-

performance liquid chromatography-electrospray ionization-

tandem mass spectrometry (UPLC-ESI-MS/MS) system. To

avoid or decrease potential information bias as much as

possible, all the following procedures associated with the

determinations were finished strictly following the SOP by a

single technician, and professional quality control measures

were also applied. Samples from the cases and controls were

processed in a random manner, and the technician was also

blind to the categories of these samples. Plasma fractions were

separated by the UPLC-ESI-MS/MS and identified by their

retention times compared with those internal standards and

expressed as peak areas.

In addition, the quantitative analyses of the screened plasma

ACars were performed under the same conditions as above, and

their intensities were calculated by plotting the peak area of the

corresponding substance against the concentration of the

standard (mmol/L) using a linear calibration curve.
Sample size estimation

To ensure that the sample size was sufficient to meet

statistical requirements and to ensure the reliability of our

findings, we estimated the sample size using G*Power (http://

stats.idre.ucla.edu/other/gpower/). With type I error as 0.05,

effect size equals to 0.8, a total sample size of 60 will be

needed to achieve a power of 0.8 at the allocation ratio of 1

(Supplementary Figure 2).
Statistical analysis

Considering that missing data may lead to some bias and

affect the credibility of findings to some extent, multiple

imputations were performed for all covariates with a missing
Frontiers in Endocrinology 03
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proportion of less than 20%. Demographic and clinical

characteristics of cases and controls were compared by Chi-

square test (categorical variables) and Student’s t-test or Mann-

Whitney U tests (continuous variables), respectively. Due to the

skewed distributions of plasma ACars, we improved their

normality first by log-transforming and normalizing them to Z

scores. The Pearson correlation coefficients were used to describe

the relationship between any two plasma ACars.

To comprehensively examine the association of plasma

ACars with DR, the adjusted odds ratio (OR) and 95%

confidence intervals (CI) were first estimated based on

increases in each interquartile range (IQR) of ACars,

depending on a multiple logistic regression model with

adjusting for age, sex, BMI, smoking habits, alcohol

consumption, education, duration of diabetes, TG, FPG,

systolic blood pressure (SBP) and study center. In addition,

considering that the relationship between ACars and DR may

vary depending on their acyl chain length and unsaturation

degree, ACars were classified into two categories, medium and

long chains (defined as having carbon chains of 7 to 14, and ≥16,

respectively), and further analyzed based on carbon atom and

double bond numbers.

To thoroughly assess the potential role of ACars in the

detection of DR, some commonly used feature selection

approaches including least absolute shrinkage and selection

operator (LASSO), elastic net (ENET), and weighted quantile

sum (WQS) regression models were applied to detect potential

biomarkers of DR from plasma ACars. Concentrations of the

screened ACars were further determined based on UPLC-ESI-

MS/MS platform. The relationship between potential

biomarkers and DR was described in two ways: with

concentrations as continuous variables [scaled to interquartile

range (IQR)] and as categorical variables (tertiles). Meanwhile,

linear trend tests were also performed. Restricted cubic spline

(RCS) regression models with three knots of 5%, 50%, and 95%

were additionally performed to further deeply investigate the

potential dose-response relationships between detected

biomarkers and the odds of DR. In addition, subgroup

analyses and sensitivity analyses were also applied to test

reliability and stability of the association.

To evaluate the role of screened plasma ACars in DR

identification, we compared the performance of these potential

biomarkers within models constructed from traditional

indicators such as smoking habits, alcohol consumption,

education, SBP, TG, FPG, and duration of diabetes by area

under receiver operating characteristic (ROC) curves (AUC),

sensitivity, specificity, positive predictive value (PPV), and

negative predictive value (NPV). The comparisons of AUCs

were additionally conducted by Delong’s tests.

All statistical analyses were conducted using Stata/MP 15.1

for windows (Copyright 1985-2017 Stata Corp LLC, College

Station, Texas 77845, USA) and R version 4.0.4 for Windows (R

Foundation for Statistical Computing, Vienna, Austria). The R
frontiersin.org
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package gWQS were used for WQS analyses (20). Two-tailed P

values ≤ 0.05 were regarded as statistically significant.
Results

Characteristics of study participants

Characteristics of 138 participants were presented in Table 1.

In addition to age, sex, BMI, BP, and HbA1c matched under

PSM, fasting HDL, LDL, FPG, TG, TC, and lifestyle factors

including smoking habits, alcohol consumption, occupation,

and education status in the cases and controls were also
Frontiers in Endocrinology 04
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balanced and comparable. However, patients with DR were

more likely to have longer durations of diabetes than those

without DR.
Distributions of plasma ACars

In the present study, we detected a panel of 20 plasma ACars

that span the full range of total carbon atomic number (C8-C26)

and unsaturation degree (n[C=C]=0–4) (Supplementary

Table 1). The distribution of these ACars levels were shown in

Supplementary Figure 3. The cases would like to have lower

levels of ACars (8:0, 11:1, 12:0, 14:1, 16:0, 16:1, 16:2, 18:1, and
TABLE 1 Demographic and clinical characteristics between DM and DR subjects.

Variables DM (n=69) DR (n=69) P values

Age, years 54.0 (49.0, 65.0) 57.0 (51.0, 65.0) 0.107

Gender (%) 0.863

Male 40 (58.0) 39 (56.5)

Female 29 (42.0) 30 (43.5)

BMI, kg/m2 24.10 (22.07, 26.61) 24.14 (22.49, 26.78) 0.609

DBP, mmHg 79 (75, 87) 77 (70, 81) 0.126

SBP, mmHg 126 (119, 140) 134 (121, 146) 0.077

FPG, mmol/L 8.12 (6.59, 10.80) 8.50 (6.31, 10.89) 0.893

HbA1c, % 9.94 ± 2.08 9.68 ± 1.92 0.433

HDL, mmol/L 1.02 (0.81, 1.35) 1.09 (0.86, 1.24) 0.946

LDL, mmol/L 2.62 ± 0.97 2.52 ± 1.06 0.562

TG, mmol/L 1.56 (1.03, 1.92) 1.41 (1.00, 1.93) 0.488

TC, mmol/L 4.72 ± 1.14 4.54 ± 1.39 0.424

Duration of diabetes, years 8.92 ± 6.21 12.43 ± 6.83 0.002

Education (%) 0.283

Junior high school or below 53 (76.8) 58 (84.1)

High school or above 16 (23.2) 11 (15.9)

Occupation (%) 0.390

Manual workers 31 (44.9) 36 (52.2)

Mental workers 21 (30.4) 14 (20.3)

Both 17 (24.6) 19 (27.5)

Smoking habits (%) 0.700

Nonsmoker 41 (59.4) 38 (55.1)

Current smoker 22 (31.9) 22 (31.9)

Former smoker 6 (8.7) 9 (13.0)

Alcohol consumption (%) 0.160

Nondrinkers 36 (52.2) 32 (46.4)

Current drinkers 29 (42.0) 26 (37.7)

Former drinkers 4 (5.8) 11 (15.9)

Center (%) 0.106

Wenzhou 41 (59.4) 50 (72.5)

Anhui 28 (40.6) 19 (27.5)
fron
Data are presented as mean ± SD for normal distributed variables, median (1st quartile, 3rd quartile) for skewed distributed variables, number (%) for categorical variables. When
comparing differences between groups, the Chi-square test is used for categorical variables, the Student’s t-test for normally distributed variables, and t Mann-Whitney U tests for skewed
variables.
DM, type 2 diabetes (T2D) without diabetic retinopathy; DR, T2D with diabetic retinopathy.
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26:1) than the controls (P < 0.05). Except for two pairs of ACars

(13:0 & 20:1, 13:0 & 26:1), the correlation coefficients among

other ACars showed significant positive relationships between

any two of them (r > 0, P ≤ 0.05) (Supplementary Figure 4).
Plasma ACars profiles and DR

Based on multivariable logistic regression analyses,

significant differences between the cases and controls were

observed in 6 kinds of plasma ACars (8:0, 11:1, 12:0, 14:1,

16:1, and 16:2) after adjusting for age, gender, BMI, smoking

habits, alcohol consumption, education, duration of diabetes,

TG, FPG, SBP, and the study center (Figure 1). Meanwhile,

restricted cubic spline (RCS) model-based results also revealed

apparent non-linear dose-response relationships between the 6

plasma ACars and DR (all P for nonlinearity > 0.05) (Supplementary

Figure 5). In addition, a moderately low risk was observed for

those with increased medium-chain ACars, whereas no

association was found between long-chain ACars and DR

(Figure 1). Similar results were also detected in the association

between ACars and DR when they were stratified by different

carbon atom numbers and double bonds. We found that ACars

with lower carbon atomic numbers (C ≤ 16) were negatively

associated with the odds of DR, regardless of whether the total

ACars were adjusted or not (Figures 2A, B, green filled).

However, interestingly, the association between ACars with

higher carbon atom number (C18) and the likelihood of DR
Frontiers in Endocrinology 05
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changed from no significant (P > 0.05) (Figure 2A, green

unfilled) to significantly positive (P ≤ 0.05) (Figure 2B, red

filled) after adjusting for total ACars.
Association of ACar 8:0 with DR and its
role in the identification of DR

To avoid or greatly decrease bias induced by potential

collinearity and overfitting before constructing reasonable

multiple regression models, several commonly used

approaches containing LASSO, ENET and WQS regression

models were respectively conducted to screen valuable ACars.

Among all 20 detected plasma ACars, only ACar 8:0 was selected

by LASSO and ENET and had the highest weight in the WQS

model (Supplementary Table 2). To accurately clarify the

relationship between plasma ACar 8:0 and DR, its actual

concentration was determined by a calibration curve

(Supplementary Figure 6). As was shown in Table 2, with per

IQR increase of ACar 8:0, the adjusted likelihood of DR

significantly decreased by 70% (OR: 0.30, 95% CI: 0.17 - 0.55).

Similar results were also observed when evaluating the

association via a quantile regression model: comparing to

subjects with the lowest tertile plasma ACar 8:0, the adjusted

odds of DR decreased by 78% (OR: 0.22, 95% CI: 0.08 - 0.59) and

88% (OR: 0.12, 95% CI: 0.04 - 0.36) for those in the 2nd and 3rd

tertile of ACar 8:0, respectively. An apparent linear trend of

ACar 8:0 with DR was additionally detected (P for trend < 0.001).

And results based on further sensitivity analyses (Supplementary
FIGURE 1

Plasma acylcarnitines and the risks of diabetic retinopathy. Notes: Odds ratio (OR) of developing diabetic retinopathy per SD increase in each
plasma acylcarnitines were calculated by the logistic regression model, after adjusting for age, sex, BMI, smoking habits, alcohol consumption,
education, duration of diabetes, TG, FPG, SBP, and center. OR, odds ratio; CI, confidence interval; MC-AC, medium-chain acylcarnitines; LC-AC,
long-chain acylcarnitines..
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Table 4) as well as RCS model (Figure 3) were highly consistent.

None of the other variables, including age, gender, blood

pressure, and regions showed significant effect modification on

the association between plasma ACar 8:0 and the risk of DR (P

for interaction > 0.05 for all these stratified variables)

(Supplementary Figure 7). And patients with increasing levels

of DR did not have decreasingly lower ACar 8:0 levels

(Supplementary Figure 8).

We further explored the potential role of ACar 8:0 as a

biomarker for early DR identification. Based on ROC curve

analyses, with removing matching factors from the reference

model, combining ACar 8:0 with the reference (Ref) model

increased the area under the curve (AUC) from 0.67 (0.58,

0.76) (Ref) to 0.77 (0.70, 0.85) (Ref + ACar 8:0) (P = 0.011)

(Supplementary Table 5; Supplementary Figure 9). Meanwhile,

the sensitivity, specificity, positive predictive value (PPV), and

negative predictive value (NPV) of the combined model were
Frontiers in Endocrinology 06
22
82.61%, 65.22%, 70.37%, and 78.95%, respect ively

(Supplementary Table 5).
Discussion

In this PSM-based case-control study, we found that four

plasma ACars (8:0, 12:0, 14:1 and 16:2), mainly medium-chain

ACars, were inversely associated with the risk of DR, while four

other ACars (12:1, 18:0, 18:2 and 18:3), predominantly long-

chain ACars, were positively associated with DR after adjusting

for total ACars. Particularly, the magnitude of the association

between ACar 8:0 and DR was substantial, with high ACar 8:0

levels associated with an approximately 80% lower odds ratio of

DR across tertiles in the categorical analysis. And the association

did not seem to differ by age, gender, BMI, blood pressure, and

variation in regions. In addition, ACars 8:0 might also can serve
TABLE 2 Association between ACar 8:0 and the presence of DR.

ACar 8:0 (mmol/L) N Cases (%) Model 1 a Model 2 b Model 3 c

OR (95%CI) P values OR (95%CI) P values OR (95%CI) P values

Per IQR=0.012 138 69(50.00) 0.33(0.20,0.55) <0.001 0.30(0.17,0.54) <0.001 0.30(0.17,0.55) <0.001

Tertiles

T1 (0.002~) 46 35(76.09) 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref. 1.00(1.00,1.00) Ref.

T2 (0.014~) 46 20(43.48) 0.24(0.10,0.59) 0.002 0.21(0.08,0.55) 0.002 0.22(0.08,0.59) 0.003

T3 (0.021~0.097) 46 14(30.43) 0.14(0.06,0.35) <0.001 0.11(0.04,0.33) <0.001 0.12(0.04,0.36) <0.001

P fortrend <0.001 <0.001 <0.001
fron
aUnadjusted for potential confounders; bAdjusted for age, sex, BMI, smoking habits, alcohol consumption, education, TG, FPG, SBP, and center; cAdjusted for age, sex, BMI, smoking
habits, alcohol consumption, education, TG, FPG, SBP, center, duration of diabetes.
DR, type 2 diabetic patients with diabetic retinopathy; n, numbers of subjects in each stratum; Case (%), numbers with DR and percentage; OR, odds ratio; CI, confidence interval; T1, T2,
and T3, the 1st, 2nd, and 3rd tertiles of Acar 8:0, respectively, ACar, acylcarnitine.
A B

FIGURE 2

The relationship between DR risk and total number of carbon atoms and degree of saturation of various acylcarnitines. Odds ratio (OR) of
developing DR per SD increase in each plasma acylcarnitines was calculated by logistic regression model, after adjusting for age, sex, BMI,
smoking habits, alcohol consumption, education, duration of diabetes, TG, FPG, SBP, and center. (A) Acylcarnitines were log-transformed,
and standardized before logistic regression analysis. (B) Acylcarnitines were divided by total acylcarnitine concentration, log-transformed,
and standardized before logistic regression analysis. OR, odds ratio.
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as an ideal biomarker for DR identification though its alteration

was not significantly observed amongst different stages of DR.

Available evidence suggests that ACars are associated with

b-oxidative dysfunction, mitochondrial stress, and insulin

resistance (9), and a panel of ACars, especially those with long

chains, are significantly associated with increased risks of type 2

diabetes (21, 22). However, studies on the relationship between

ACars and DR remain scarce and controversial. Wang et al. (14)

found that individuals with DR were more likely to had higher

levels of plasma Acars than those without DR. However, an

untargeted metabolomics study showed that increased levels of

ACars were related to the higher risk of DR (6). This was in line

with supportive evidence from another study that patients with

PDR had higher levels of ACars in vitreous compared with non-

diabetic controls (23). Our current findings suggest that there

may be potential beneficial (inverse) associations between

medium-chain ACars and DR, but positive associations

between long-chain ACars and DR. Although the discrepant

findings of these studies might be ascribed to the differences in

study design, study population, biosample type, and

methodology associated with exposure estimation, the greatest

differences may arise from the complex inter-relationships and

metabolic effects of different ACars. Notably, in our study, after

adjusting for the total ACars level, the odds ratio between

majority of long-chain ACars and DR changed from less than

1 to greater than 1. Therefore, the negative association of long-

chain ACars and DR in the previous study (14) should be

interpreted with caution. In contrast, the inverse association

between medium-chain ACars and the risk of DR is robust with

or without correction of the total ACar level. The precise
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mechanisms of how ACars may influence DR risk are

unknown, but there is evidence suggesting that incomplete

oxidation of fatty acids was a major contributor to the pathway.

Biologically, ACars are mainly divided into short, medium

and long chains according to the length of the carbon chain.

Except for short-chain ACars, which are mainly derived from

alternative energy sources, i.e., branched-chain amino acids (24),

medium- and long-chains are predominantly originated from

acylated derivatives of L-carnitine after b-oxidation of fatty acids

(FAO) in mitochondria and peroxisomes (25). A previous study

has reported that peroxisomal FAO is directly related to energy

production (26). Because of this functional difference, the

majority of medium- and long-chain ACars can be produced

by mitochondrial FAO (27). As shown in Supplementary

Figure 10, when FAO does not proceed completely (fewer

cycles), it will inevitably lead to a reduction in the levels of

medium-chain ACars, while long-chain ACars may produce a

buildup (27). Therefore, the accumulations of long-chain ACars

in plasma are often used to suggest defective FAO. Although

there is no direct evidence that long-chain ACars are harmful to

DR, a previous study has suggested that the inability of patients

to regulate the oxidation of long-chain fatty acids will make

them more susceptible to oxidative stress (28), which further

increases the risk of developing DR (29). Therefore, this may be a

potential interpretation of why high levels of long-chain ACars

in plasma are associated with DR, while medium-chain ACars

showed negative associations.

Furthermore, our findings highly suggest that ACar 8:0 may

serve as a potential biomarker in distinguishing DR from T2D.

Depending on the evidence from other studies (30), it shows that
FIGURE 3

The restricted cubic spline for the association between Acar 8:0 and odds ratio (natural log-transformed) of DR. Notes: Knots were located at
the 5th, 50th, and 95th percentiles of Acar 8:0.The solid line indicates LnOR and dashed lines indicate 95% CI. Adjusted confounders were age,
sex, BMI, smoking habits, alcohol consumption, education, duration of diabetes, TG, FPG, SBP, and center. P for nonlinearity was used to test
for linearity. DR, type 2 diabetic patients with diabetic retinopathy; LnOR, natural log-transformed odds ratios; CI, confidence interval,
ACar, acylcarnitine.
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plasma ACar 8:0 appears to have unique biological functions and

can be used in clinical practice to detect diseases caused by

impaired energy metabolism, particularly those caused by

defects in mitochondrial medium -chain metabolism.

Although extrapolating from possible mechanisms, such a

result may suggest that T2D patients without DR can

complete more cycles of FAO as compared to those with DR,

further biochemical and clinical research is needed to examine a

causal role of FAO in glycemic outcomes, particularly in

diabetes complications.

The strengths of this study can be summarized as follows.

First, the cases and controls are all enrolled in the endocrinology

departments of comprehensive hospitals. Among participants,

no one has obvious ocular symptoms, which may avoid some

potential factors due to eye diseases in our findings. Second, the

cases and controls are matched by the PSM approach, which has

been widely accepted as an optimal strategy to effectively adjust

for some known or unknown confounding bias in observational

studies and can achieve class-balanced data. Third, the study

population was enrolled from the departments of endocrinology

in two top general hospitals in Zhejiang and Anhui, China. The

two provinces cover a population of over 150 million residents,

which may be beneficial to largely improve the credibility of our

findings. In addition, LASSO, ENET, and WQS regression

models are simultaneously used to screen the desirable profile

of plasma ACars, which can not only avoid potential

multicollinearity in the following multiple regression models

but also efficiently and reasonably assess the effects of several

ACars at the same time.

Inevitably, this study also has limitations. First, our findings

are mainly based on a case-control study, which cannot exactly

interpret possible causal relationships and mechanisms between

ACars and DR. Although our results need to be additionally

confirmed by longitudinal studies, their credibility has been

demonstrated to a large extent depending on the results of

sensitivity analyses. Second, although our sample size may be

relatively small, it does not necessarily equal inadequacy. As is

shown in Supplementary Figure 1, a total sample size over 60 will

lead to power over 0.8 and the current sample size is sufficient to

meet statistical requirements since the associated power has

achieved 0.998, which ensures that our findings are credible.

Third, diet patterns may partly affect the modification of plasma

ACar. Third, data related to the red meat diet was not collected

in the present study, but changes in the subjects’ daily diet

should not significantly affect the ACars concentrations

measured in fasted blood samples, which could be used as a

marker for long-term in vivo ACars levels (31). Fourth, as the

PSM approach was applied, matched factors were not used in the

construction of the identification model, but the model also

performed well when it contained only ACar 8:0. Fifth,

participants were limited to those who were from Zhejiang

and Anhui, which might restrict the generalization of our

findings, but these two places are representative of the areas in
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eastern China and the findings are consistent between the

two areas.
Conclusions

Plasma ACar 8:0 is significantly associated with decreased

risks of DR in T2D patients and plays an important role in

distinguishing DR patients from T2D subjects. Our findings may

be helpful for the secondary prevention of DR in clinical practice

and provide new insights into the mechanisms of DR as well as

the possibility of new treatment target development.
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The e�ectiveness of artificial
intelligence-based automated
grading and training system in
education of manual detection
of diabetic retinopathy

Xu Qian1,2,3, Han Jingying4, Song Xian1, Zhao Yuqing1, Wu Lili1,

Chu Baorui1, Guo Wei5, Zheng Yefeng6, Zhang Qiang6,

Chu Chunyan6, Bian Cheng6, Ma Kai6 and Qu Yi1,2,3*

1Department of Geriatrics, Qilu Hospital of Shandong University, Jinan, China, 2Key Laboratory of

Cardiovascular Proteomics of Shandong Province, Jinan, China, 3Jinan Clinical Research Center for

Geriatric Medicine (202132001), Jinan, China, 4School of Basic Medical Sciences, Shandong

University, Jinan, China, 5Lunan Eye Hospital, Linyi, China, 6Tencent Healthcare, Shenzhen, China

Background: The purpose of this study is to develop an artificial intelligence

(AI)-based automated diabetic retinopathy (DR) grading and training system

from a real-world diabetic dataset of China, and in particular, to investigate its

e�ectiveness as a learning tool of DR manual grading for medical students.

Methods: We developed an automated DR grading and training system

equipped with an AI-driven diagnosis algorithm to highlight highly prognostic

related regions in the input image. Less experienced prospective physicians

received pre- and post-training tests by the AI diagnosis platform. Then,

changes in the diagnostic accuracy of the participants were evaluated.

Results: We randomly selected 8,063 cases diagnosed with DR and 7,925

with non-DR fundus images from type 2 diabetes patients. The automated

DR grading system we developed achieved accuracy, sensitivity/specificity,

and AUC values of 0.965, 0.965/0.966, and 0.980 for moderate or worse DR

(95 percent CI: 0.976–0.984). When the graders received assistance from the

output of the AI system, the metrics were enhanced in varying degrees. The

automated DR grading system helped to improve the accuracy of human

graders, i.e., junior residents and medical students, from 0.947 and 0.915 to

0.978 and 0.954, respectively.

Conclusion: The AI-based systemdemonstrated high diagnostic accuracy for

the detection of DR on fundus images from real-world diabetics, and could

be utilized as a training aid system for trainees lacking formal instruction on

DR management.

KEYWORDS

medical image education, artificial intelligence, diabetic retinopathy, medical

students, diagnosis
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Introduction

Diabetic Retinopathy (DR) is the leading cause of blindness

and visual impairment in the working-age populationworldwide

(1). Numerous studies have shown that early detection and

timely treatment of DR could prevent severe vision loss in

more than 90% of diabetics (2, 3). However, due to a severe

shortage of retinal specialists, a large proportion of patients in

underdeveloped countries were unable to receive annual eye

examinations recommended by the protocol (4, 5). In the face of

a rapidly rising global diabetes incidence (6), a new approach to

diabetes management is urgently needed. It has been confirmed

that after receiving training in fundus photographic reading,

non-ophthalmologists were highly sensitive as ophthalmologists

in detecting DR (7). The training for non-ophthalmological

readers seems to be an important step toward their integration

into diabetic eye screening.

Accurate clinical staging of DR is a proven prerequisite

for choosing the most appropriate personalized treatment. The

Early Treatment Diabetic Retinopathy Study (ETDRS) based

on color fundus photography is now the gold standard of

DR grading (8). Nevertheless, the training procedure of image

identification is of great implementation complexity because of

individual variations of real-life cases encountered. In order to

acquire skills to establish diagnosis in daily clinical practice, the

trainees need to learn from a considerable number of images

to extract image features. But training opportunities might be

compressed due to limitations of resources, staff and finance

(9). Furthermore, even highly qualified instructors might be

subjective as well as have intra- and inter-reader diagnostic

variations (10). Traditional ophthalmology courses often fail

to provide a fairly large number of standardized cases for

training purposes.

In recent years, artificial intelligence (AI) has shown obvious

advantages in diagnosis and prediction of major eye diseases

particularly those involving image analysis (11–13). Recent

advances in automated retinal image screening systems using

AI have demonstrated that specialist-level accuracy was can

be achieved inDR assessment (10, 14). The implementations

of big data and AI technologies in educational environments

have also demonstrated significant potential for enhancing

the efficiency of instruction (15). The essential information

extracted from big data can help to shorten training periods

and improve the learning curve of students. However, AI’ s

potential as an examination system and/or a robot teacher

offering personalized education for medical students and

traineesrequires further evaluation.

In this study, we developed an AI-based automated DR

grading system equipped with an AI-driven diagnosis algorithm,

and validated its role as an instructional and learning tool in

training non-ophthalmic physicians in DR manual grading.

Materials and methods

The AI-based automated DR grading and
training system

The study protocol was approved by the institutional review

board of Qilu Hospital of Shandong University (QLHSDU) and

conducted in accordance with the Declaration of Helsinki.

Dataset

78,000 anonymized color fundus images were primarily

collected from consecutive patients with diabetes over 40 years

old in the diabetes clinic of QLHSDU from January 1st, 2016

to January 14th, 2019. The mean age was 60.82 years (SD

11.34), and 58.44% of the participants were male. Macula-

centered fundus images were captured using a Canon CR-

2 fundus camera (45◦ field-of-view) with JPEG compression

format (resolution in 18 megapixels). Participants’ informed

consents were exempted by the institutional review board of

QLHSDU because the study was retrospective in nature that

used completely anonymized data.

All the collected images were preprocessed by an image

quality filter and reviewed by three experienced senior

ophthalmologists. Images with severe blur, under-exposure, over

exposure or severe cataract, out of focus, and fractional images

without optic disc were graded as “poor quality”, as it was

impossible to make reasonable diagnosis of DR. Among all the

78,000 images, 19,245 (24.67%) were excluded due to image

quality issues, leaving 58,755 with a conclusive DR severity

grading in total. 8,063 cases of all the obtained 58,755 images

were diagnosed as DR, so we randomly selected 7,925 non-

DR fundus images from the remaining dataset in order to

balance the data distribution and avoid data overfitting. The

DR images were classified into four categories according to

the International Clinical Diabetic Retinopathy (ICDR) severity

scale (16), and each category was randomly chosen at a ratio

of 4:1 to divide the images into a training set and a validation

set, to guarantee that there was a similar distribution of data

between the training set and the validation set. Of the total

15,988 images, 13,222 images were randomly assigned to the

training dataset and the remaining 2,766 images were held

for validation.

Algorithm development

In this study, the underlying AI algorithm of the automated

DR grading systemwas developed by Tencent Healthcare, where

deep convolutional neural networks were initially pre-trained on
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FIGURE 1

Examples of class activation mapping of lesion on the fundus images with mild diabetic retinopathy (A,B), moderate and severe diabetic

retinopathy (C,D), and proliferative diabetic retinopathy (E,F) by automated grading system. The augmented image includes the original fundus

images (Left) and one highlighted image that indicates the location of the lesions (Right). Arrowhead: microangiomas; Asterisk: hard exudates;

Pentagram: intraretinal hemorrhages; Square: cotton-wool spot; Arrowhead: tail; Thin arrows: neovascularization; Thick arrow: fibrovascular

proliferation; Black dot: vitreous hemorrhage.

a large volume of fundus images collected from several Chinese

hospitals for the 5-stage DR classification task according to the

ICDR severity scale. The network models were further fine-

tuned with the collected real-world training dataset in this study

to accommodate data and annotation variations.

The AI framework consisted of a standard ResNet-50 image

classification network and an auxiliary graph convolutional

network that integrated the prior class-dependency into the

classification task. The prior class-dependency was represented

by an adjacency matrix to reflect the correlations of adjacent

DR stages. And the values of the adjacency matrix were updated

simultaneously within the network training process. The learned

prior information was used as residual information in the

inference stage to re-rank the original results of the classification

network and could potentially boost the performance of the

algorithm. More details of the network design were introduced

in the previous work (17).

For both training and validation datasets, we cropped the

images to the size of 512 × 512 and applied the standard

normalization to uniform the pixel values to the range (−1,

1). The Stochastic Gradient Descent (SGD) was utilized as the

optimizer and the learning rate was set to 0.0001. Augmentation

of the data including random scaling, rotation, horizontal

flip, and vertical flip was involved to enlarge the size of the

training set.

The network generated DR-stage probabilities for each input

image, including none, mild, moderate, severe, and proliferative

DR. The category with the highest probability value served as

the network prediction. We noted that the annotation used

a different fundus range from the ICDR scale, which was

susceptible to misclassification in moderate DR and severe DR

images. As a result, the modified 4-stage DR classification,

including Non-DR, Mild DR, Moderate and Severe DR,

and PDR, was implemented to prevent underestimating the

prevalence of diabetic retinopathy. While the network models

were trained for the multi-stage DR classification, we also

analyzed the model performance on a binary classification task,

i.e., referable DR vs. non-referable DR, where referable DR was

defined as moderate DR or worse.

In addition to the DR stage prediction, a heatmap image was

also generated by the network model using the Classification

Activation Mapping (CAM) technique, similar to highlighting

the highly prognostic related regions in the input image (18).

The heatmap visualization identified image regions of retinal

hemorrhage, exudate, neovascularization, venous beading and

looping, etc., which were typical clinical findings associated
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TABLE 1 15-item questionnaire.

No. Question

One-choice questions (A, strongly agree; B, agree; C, neutral; D,

disagree; E, strongly disagree)

Basic understanding

1 I think current development of ophthalmic AI is good

2 I regularly encounter AI systems in my clinical practice

3 I regularly encounter AI systems in my training and

education

Domain-based impact evaluation

4 AI-based automated grading and training system improved

my training and education

5 AI-based automated grading and training system is more

effective and motivate

6 AI-based automated grading and training system

challenged me to do my best

7 AI-based automated grading and training system promoted

the learning of essential concepts or skills

8 AI-based automated grading and training system increased

reading of the textbook by the students

9 AI-based automated grading and training system is

beneficial to help me to develop critical and creative

thinking

Respondent’s attitude

10 There is currently sufficient training in AI in my clinical

training curriculum

11 More training in AI should be made available for medical

students in the education of ophthalmology

12 I will be willing to incorporate AI-based automated grading

and training system into my clinical training curriculum

13 I will recommend AI-based automated grading and training

system to other students

14 I believed that AI teaching in ophthalmology will replace

ophthalmology practice

15 I believed that AI teaching in ophthalmology will replace

traditional ophthalmology courses

with DR (Figure 1). Based on the visualization output, the

human graderscould substantiate the validity of the deep

learning models and promote the clinical adoption of the

AI-based automated grading system. Furthermore, the model

and parameters were adjusted to point out the site of lesions

more precisely to make the algorithm proper for education.

The negative images determined by the algorithm would

not present any heatmap to avoid confusion. The predicted

lesion sites would be highlighted in positive images to guide

the participants.

All graders except the two retinal specialists (conducting DR

assessment over 20 years) were masked from the annotation

results of each other. Three senior ophthalmologists were

involved in annotating the training dataset. The reference

standard was built up when all the three senior graders draw

the same conclusion on the training dataset, and the discordant

findings were adjudicated by the two retinal specialists.

Trainees’ evaluations

To mimic the performance of less experienced human

graders, two graders who volunteered to participate in the

experiment were recruited: a junior ophthalmology trainee

in the first year of residency and a medical student who

has completed basic medicine courses. After reviewing the

traditional lecture of DR before the trial began and being

briefed about the annotation protocol, they diagnosed and

evaluated 200 images of validation datasets loaded randomly.To

evaluate the capability of the training course, 1 month later, the

graders were given the extra training course comprising 200

AI-augmented color fundus photos with heatmap images that

indicate the location of lesions. After that, they were required to

re-annotate the whole validation dataset with the same protocol

and made diagnosis.

Then, 120 students in their final year of medical school

training who had entered the clinical rotation were recruited

from the Medical School at Shandong University to learn

diagnosis and grading of DR through this AI-based learning

module. After completing the module, participants’ evaluations

of this system were measured by a 15-item questionnaire rated

on five-point Likert-type scales (ranging from “strongly agree”

to “strongly disagree”) (Table 1). Using the Questionnaire Star

APP (a professional questionnaire survey app in China, easy

to edit and distribute survey questionnaires), the questionnaire

was devised from the previous studies in other subjects of

medical education (19–21). Information of the questionnaire

consisted of three parts, which included: basic understanding

(three items), domain-based impact evaluation (six items) and

respondent’s attitude (six items).

Statistical analysis

The accuracy, sensitivity and specificity metrics of

the algorithm’s outputs and manual grading results were

calculated and then compared with the reference standard

using StatsModels version 0.6.1 (Python). To evaluate the

discriminatory ability of this automated DR grading system, the

area under the receiver operating characteristic curve (AUC)

was also calculated. The 95% confidence intervals (CIs) were

offered meanwhile. After online survey collection, internal

reliability of the survey questions was measured by calculating

Cronbach’s alpha. Descriptive statistics and analysis were carried

out using SPSS version 24 (SPSS, Inc., Chicago, IL, USA).
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TABLE 2 Confusion matrix for adjudicated reference standard and automatic DR grade system output according to modified protocol based on

ICDR grading system.

Reference standard Automated DR grading system

Non-DR Mild DR Moderate and Severe DR PDR Total

Non-DR 1435 19 4 4 1462

Mild DR 27 534 59 5 625

Moderate and Severe DR 1 19 554 17 591

PDR 3 1 3 81 88

Total 1466 573 620 107 2766

DR, diabetic retinopathy; ICDR, international clinical diabetic retinopathy; PDR, proliferative diabetic retinopathy.

TABLE 3 Two graders with/without artificial intelligence assistance verse automatic grading system on referable diabetic retinopathy detection.

Automatic grading

system

Junior resident Medical student

w/o AI asst With AI asst w/o AI asst With AI asst

SEN 0.965 0.910 0.972 0.838 0.976

SPE 0.966 0.993 0.994 0.921 0.946

AUC 0.980 (0.976–0.984) 0.952 (0.941–0.962) 0.982 (0.975–0.989) 0.880 (0.864–0.895) 0.961 (0.954–0.969)

ACC 0.965 0.973 0.987 0.901 0.965

PPV 0.901 0.976 0.974 0.775 0.901

FP 0.035 0.007 0.009 0.079 0.035

NPV 0.988 0.971 0.991 0.946 0.988

FN 0.035 0.090 0.028 0.162 0.035

AI, artificial intelligence; SEN, sensitivity; SPE, specificity; AUC, area under curve; ACC, accuracy; PPV, positive predictive palue; FP, false positive; NPV, negative predictive value; FN,

false negative; w/o: without, asst, assistance.

Results

A comparison of the 4-stage DR diagnosis distribution

between the automated grading results and the reference

standard on the validation dataset was summarized in Table 2.

Table 3 demonstrated that the overall accuracy,

sensitivity/specificity and AUC of the grading system for

referable DR were 0.965, 0.965/0.966 and 0.980 (95% CI:

0.976–0.984), respectively. The grading system also achieved

higher positive predictive value (PPV)/negative predictive

value (NPV) of 0.901/0.988, and lower false positive (FP)/false

negative (FN) of 0.035/0.035, than that of previous report for

referable DR (22). Similar results were demonstrated when we

examined other levels of DR according to ICDR grading system

(Supplementary Table 1).

Both human graders achieved decent pre-training scores

of the grading system for referable DR on the validation

dataset (Table 3). However, the score improved in varying

degrees when the graders were assisted with the AI system’s

output. The accuracy of human graders, i.e., junior resident and

medical student, was improved from 0.973 and 0.901 to 0.987

and 0.965, respectively. The post-training AUC of the junior

resident and medical student for referable DR were 0.982 and

0.961, respectively. Most notably, for the junior resident, the

grading sensitivity showed remarkable improvement with AI

support (0.910 vs. 0.972). While for the medical student, the

improvement was even more pronounced (0.838 vs. 0.976).

As presented in Tables 4, 5, similar results were

demonstrated when they grade any levels of DR according

to ICDR grading system. In comparing the pre- and post-

training scores of different degrees of DR, we identified a

significantly higher gained sensitivity of mild DR in the junior

resident (0.766 vs. 0.928) and medical student (0.714 vs. 0.838).

Moreover, the automated DR grading system increased the

graders’ sensitivity without reducing the specificity, which was

consistent with previous report (23).

As shown in Figure 2, of the 120 respondents, 103 students

responded to the online survey (response rate 85.83%; 50.49%

female). Overall, there was high internal reliability of the

survey questions (Cronbach’s alpha 0.93). The percentage of

respondents who regularly encounter AI systems in their clinical

practice and training and education was almost 50%. Over

70% of the trainees agreed that AI respondents were satisfied,

helpful and effective. The percentage of respondents who
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TABLE 4 Manual detection of diabetic retinopathy based on ICDR grading system by the junior resident.

Junior resident

w/o AI asst with AI asst

Non-DR Mild DR Moderate and

Severe DR

PDR Non-DR Mild DR Moderate and

Severe DR

PDR

SEN 0.949 0.766 0.905 0.830 0.967 0.928 0.968 0.909

SPE 0.886 0.945 0.992 0.997 0.969 0.974 0.993 0.996

AUC 0.917

(0.907–0.928)

0.856

(0.838–0.873)

0.949 (0.937–0.961) 0.913

(0.874–0.953)

0.968

(0.961–

0.975)

0.951

(0.941–

0.962)

0.980 (0.973–0.988) 0.953

(0.923–

0.983)

ACC 0.919 0.905 0.974 0.992 0.968 0.964 0.987 0.994

ACC* 0.947 0.978

AI, artificial intelligence; DR, diabetic retinopathy; ICDR, international clinical diabetic retinopathy; PDR, proliferative diabetic retinopathy; SEN, sensitivity; SPE, specificity; AUC, area

under curve; ACC, accuracy; w/o, without, asst, assistance. ACC* represents the overall accuracy for all evaluated images.

TABLE 5 Manual detection of diabetic retinopathy based on ICDR grading system by the medical student.

Medical student

w/o AI asst with AI asst

Non-DR Mild DR Moderate and

Severe DR

PDR Non-DR Mild DR Moderate and

Severe DR

PDR

SEN 0.900 0.714 0.811 0.636 0.920 0.838 0.954 0.898

SPE 0.925 0.920 0.918 0.993 0.989 0.950 0.949 0.992

AUC 0.913

(0.902–0.923)

0.817

(0.798–0.835)

0.864 (0.847–0.881) 0.814

(0.764–0.865)

0.954

(0.947–

0.962)

0.894

(0.879–0.909)

0.952 (0.942–0.961) 0.945

(0.913–

0.977)

ACC 0.912 0.873 0.895 0.981 0.952 0.925 0.950 0.989

ACC* 0.915 0.954

AI, artificial intelligence; DR, diabetic retinopathy; ICDR, international clinical diabetic retinopathy; PDR, proliferative diabetic retinopathy; SEN, sensitivity, SPE, specificity; AUC, area

under curve; ACC, accuracy; w/o, without; asst, assistance. ACC* represents the overall accuracy for all evaluated images.

supported more formal AI training was 80 %, while only 14.56%

reported sufficient AI training in their current curricula. The

AI-based system motivated initiative of trainees, but couldn’t

replace the traditional ophthalmology practice and courses

(18.45%, 19.42%).

Discussion

In this study, we finetuned an automated DR grading and

training system on a real-world diabetic dataset of China and

evaluated the diagnostic accuracy as well as its assistance to

human graders.

The involved automated grading system achieved high

diagnostic accuracy (0.965) and AUC (0.980) for the detection

of vision-threatening referral DR on the validation dataset. The

PPV of the automated DR grading system achieved 0.901 on

referable DR differentiation, which showed high consistency of

the grading system with the reference standard. Compared with

previous studies (22), high sensitivity (0.965) and NPV (0.988),

and more excellent performance on avoiding FN (only 0.035

on grading referable DR) of this system were demonstrated.

False positive instances were mainly caused by misclassifying

the mild DR as referable DR, while false negative cases were

mainly due to the misclassification of referable DR as mild

DR. Intra-retinal microvascular abnormalities were identified as

the main source of misclassification (24), which was optimized

in the training datasets (both laboratory and real-world clinic

workflow). False positive cases are mainly due to mild DR being

misclassified as referable DR, and false negative cases are mainly

due to refeOur automated DR grading system showed great

potential as an efficient and low-cost assistant to human graders

to detect referral DR patients who need closer follow-up with

retinal doctors.

The AI-based DR grading system also revealed its capability

to be an effective tool for quantitative assessment of trainees’
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FIGURE 2

Results of the student evaluation questionnaires regarding the artificial intelligence based grading system. Each survey question used a

five-point scale. For details of the questionnaire, see the Table 1.

diagnostic accuracy on fundus images collected from real-world

clinics. In conventional DR courses, students are generally

taught several foundational knowledge such as fundus anatomy,

pathology, grading standards, and representative images of

lesions, which are essential for the identification and diagnosis

of the disease. Before AI-assisted learning, the two volunteer

graders in this study achieved high accuracy as well as high

sensitivity and specificity on referable DR and each level of DR

independently, which indicated that traditional lectures played

a key role in the process of understanding how to diagnose

and grade the disease correctly. The integration of theoretical

knowledge and clinical practice, however, is the most difficult

and crucial aspect yet for medical students. On the other hand,

the AI-based DR diagnostic system improved the grading ability

of the two trainees, and the medical student with AI assistance

even outperformed the junior resident without it. Previous

studies have proven that topics that are visually intensive,

detail-oriented, and difficult to conceptualize are particularly

well-suited for computer-based presentation (25). The grading

system provided a large number of fundus images which were

collected from the real-world diabetic clinic and generated

lesion-emphasized heatmap which can establish linkage between

fundamental knowledge and real-life practice. Thermograms

generated by AI highlighted the different lesions in real

fundus photographs, strengthening students’ understanding of

pathological characteristics. After grading, the system could give

the correct answer immediately, helping students to improve

their learning efficiency. The timely monitoring and specific

feedback provided by the system allowed students to identify

learning goals and knowledge gaps, summarize and analyze

their conceptual misunderstandings. Therefore, with training,

students can improve the accuracy of their diagnosis by studying

a limited number of patients. Our research also revealed that

this module significantly considerably improved the students’

sensitivity to mild DR detection (e.g., 97% for referable DR,

respectively), which was crucial for screening of DR. We thus

assumed that this additional course could to some extent

compensate for the lack of background knowledge.

Regarding the trainees’ classification mistakes, there

were two potential causes. First off, due to technological

limitations, we were only able to provide a heatmap rather

than an arrowhead that points directly to a lesion. In

fundus photographs that show multiple lesions at the

same time, inexperienced medical students may find it

difficult to distinguish between these different lesions. Second,

persistent, intentional practice, frequent reinforcement,

and expert teacher leadership were required to develop

the trainees’ ability to classify. Since, repeated practice in

a controlled environment is very important in simulation-

based education (26), even with more efficient instruments,

constant work is still necessary for a successful education.

Regarding teacher support, AI can only be used for low-

level supervision, so that they cannot completely replace

human teachers who can provide additional supervision,

intensive training, coaching, and on-going support for students.

The teacher’s explanation of the clinical analytical thinking

processes is critical to the development of students’ clinical

reasoning ability.
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Moreover, the young generation of medical professionals

grow up in the era of the internet (27), and there is almost no

obstacle for them to use this AI-based system. According to the

questionnaire, majority of medical students were more attentive

and active during the training process. There is optimism that

it will improve their learning of essential concepts or skills

and facilitate high diagnostic accuracy with limited learning

cases by using this system (28). In common with other surveys,

majority of medical students reported their appetite for formal

AI training in ophthalmic clinical curricula (29, 30). Although

previous research has shown that eLearning is comparable

to, and possibly superior to, traditional learning in terms of

knowledge, skills, attitudes and satisfaction (31), the current

medical school curriculum has not yet fully adapted to these

educational needs. Medical students should have sufficient

knowledge and experience of artificial intelligence, including its

strengths and weaknesses, which is a crucial obligation for future

doctors. However, only a small percentage of the population

has ever received AI training, and a substantial portion of

medical students lack a basic knowledge of these techniques.

Although the application of ophthalmic AI goes quickly, AI

training of medical trainees in ophthalmology was insufficient.

We recommend that the AI-based education system should be

integral to the improvement in ophthalmic medical education,

especially in diagnosis and grading of DR.

The medical student and the junior resident represent

the average diagnosis level of Chinese rural doctors. As we

know, regular follow-up with early detection and treatment

of vision-threatening DR enables a lower rate of vision

loss, making DR no longer the leading cause of blindness

among working-age adults in some regions of the world (32).

Unfortunately, there are no more than 6,000 specialized doctors

in retina diseases in China with uneven distribution around

the country (4), screening for DR by ophthalmologists will

not be immediately possible. In the longer term, training of

the primary care physicians is an effective way to resolve

this contradiction. Very little, if any, clinical experience and

insufficient training in DR management contribute to lower

diagnostic accuracy on DR (33). Thus, ophthalmic education

is essential not only for future ophthalmologists but also

for non-ophthalmic practitioners in the outpatient clinic.

Application of the AI-based training system represents a

possible solution to the increasing demand for DR grading

education. Advanced technology has enabled learners in

resource-limited settings to connect to other individuals,

faculty, and even other curricula (34). Compared to traditional

education, the automatedDR grading and training systemwould

potentially improve rural doctors’ ability of DR grading even in

limited resource settings.

Beyond the aforementioned key strengths of this study,

some limitations must also be considered. First of all, diabetic

macular edema (DME) was not involved in this study.

This was because we choose optical coherence tomography

(OCT) instead of fundus images to determine the presence

of DME in the daily clinic, which might make DME

underappreciated herein. Secondly, the automated DR grading

system might overlook retinal diseases other than DR which

might influence the FP rate. The involved images were

collected from diabetic clinics, which may excludeother

retinal diseases, e.g., age-related macular degeneration myopic

maculopathy, retinal vessel occlusion, relatively infrequent

or unintentionally (35). Last but not least, the sample

size was relatively small, which might affect the validity

of the study, the results require to be validated with

larger sample size. Given that AI has yet not been widely

implemented in clinical practice, there may be legitimate

concerns about its instructional use. In order for optimal

efficacy, AI-based teaching and learning systems should be

rigorously evaluated through expert opinion and multi-

institutional studies.

Conclusion

In summary, the proposed AI-based automated DR

grading achieved high diagnostic accuracy for the detection

of referral DR and each level of DR according to the modified

protocol of ICDR grading system. It can aid the human

graders to improve their diagnostic accuracy and sensitivity

especially to those lacking didactic training on DRmanagement.

Furthermore, it can be used as assistant training system for

medical students to experience the real scenarios which makes

the traditional lectures properly illustrated. To give the system

the essential curriculum knowledge for contextually driven

education, further refinement of the system is necessary. Given

the explosive recent growth of DM, and the lack of proven

models for DR screening, the AI-based DR diagnostic system

may be potential for establishment of appropriate primary

care system of diabetes and as great importance in aiding

medical education.
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Minglan Wang1, Xiyuan Zhou1*, Dan Ning Liu1, Jieru Chen2,
Zheng Zheng1 and Saiguang Ling3

1Department of Ophthalmology, Second Affiliated Hospital of Chongqing Medical University,
Chongqing, China, 2School of Computer Science and Engineering, Faculty of Engineering,
University of New South Wales, Sydney, NSW, Australia, 3Institute of EVision Computing, EVision
technology (Beijing) co. LTD, Beijing, China
Aims: This study aimed to develop and validate a risk nomogram prediction

model based on the retinal geometry of diabetic retinopathy (DR) in patients

with type 2 diabetes mellitus (T2DM) and to investigate its clinical application

value.

Methods: In this study, we collected the clinical data of 410 patients with T2DM

in the Second Affiliated Hospital of Chongqing Medical University between

October 2020 and March 2022. Firstly, the patients were randomly divided into

a development cohort and a validation cohort in a ratio of 7:3. Then, the

modeling factors were selected using the least absolute shrinkage and

selection operator (LASSO). Subsequently, a nomogram prediction model

was built with these identified risk factors. Two other models were

constructed with only retinal vascular traits or only clinical traits to confirm

the performance advantage of this nomogram model. Finally, the model

performances were assessed using the area under the receiver operating

characteristic curve (AUC), calibration plot, and decision curve analysis (DCA).

Results: Five predictive variables for DR among patients with T2DM were

selected by LASSO regression from 33 variables, including fractal dimension,

arterial tortuosity, venular caliber, duration of diabetesmellitus (DM), and insulin

dosage (P< 0.05). A predictive nomogram model based on these selected

clinical and retinal vascular factors presented good discrimination with an AUC

of 0.909 in the training cohort and 0.876 in the validation cohort. By comparing

the models, the retinal vascular parameters were proven to have a predictive

value and could improve diagnostic sensitivity and specificity when combined

with clinical characteristics. The calibration curve displayed high consistency
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between predicted and actual probability in both training and validation

cohorts. The DCA demonstrated that this nomogram model led to net

benefits in a wide range of threshold probability and could be adapted for

clinical decision-making.

Conclusion: This study presented a predictive nomogram that might facilitate

the risk stratification and early detection of DR among patients with T2DM.
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Introduction

It is estimated that more than 600 million individuals will be

reported with diabetes mellitus (DM) worldwide by 2040 (1);

85% of these individuals will have type 2 diabetes mellitus

(T2DM) (2), and more than one-fifth will suffer from diabetic

retinopathy (DR) (3). DR is one of the vascular-incompetent

complications of DM, resulting from chronic hyperglycemia. It

is the leading cause of preventable blindness in the working

population (4). This severe sight-threatening complication is

characterized by irreversible visual loss and progressive retinal

circulation damage, manifested as patches of retinal non-

perfusion and neovascularization, pathologically (5, 6).

Although the pathogenesis of DR is not completely clear to

date, several risk factors have been confirmed, including

increased hemoglobin A1c (HbA1c) level , chronic

hyperglycemia, and duration of DM (4, 7). However, these

traditional risk factors cannot explain the risk variation of DR

completely (8). Identifying additional risk factors beyond these

conventional and recognized factors is of significant importance

to the early detection and better management of DR, especially

the risk factors related to retinal vascular incompetence.

In the last decade, the retinal vascular geometry (the retinal

vascular morphology) of DR has gained prominence in emerging

studies. The retinal vascular tree is the only site lacking

autonomic innervation (9), spreading across the whole retina

and modifying itself to fit local metabolism. The retinal vascular

morphology is the key measure of local perfusion and

metabolism status, indirectly reflecting the retinal function.

Chronic high blood sugar contributes to abnormal serum,

disrupting the balance of self-regulation of retinal vessels and

leading to a higher risk of incident DR. Although a mature

treatment plan for DR has been applied clinically according to

correlative clinical guidelines, predicting the probability of

incident DR precisely, screening high-risk individuals

efficiently in the early phase, and determining the timing of
02
38
medical intervention accurately are still issues demanding for

solutions at present.

A nomogram is a useful tool to predict the accurate

probability of clinical events, especially adverse outcomes,

aiding to meet the drive for individualized medicine (10). It

can transform a complicated calculation formula into a scoring

system (11), intuitively showing the numerical correlation

between a specific event and risk factors. This study aimed to

develop a predictive nomogram model to screen the risk of DR

among patients with T2DM. Early detection and identification

of high-risk populations may facilitate early treatment and a

better prognosis.
Methods

Research participants

We collected and analyzed the data of 410 patients with

T2DM in the Second Affiliated Hospital of Chongqing Medical

University between October 2020 and March 2022. The

inclusion criteria included 1) T2DM with or without DR,

diagnosed according to relevant criteria (fasting plasma

glucose ≥ 7.0 mmol/L or 2-h plasma glucose ≥ 11.1 mmol/L or

HbA1c ≥ 6.5%) (12); 2) no other retinopathy; and 3) complete

clinical data. The exclusion criteria included 1) other co-

occurring retinopathy-like retinal vascular occlusion, age-

related macular degeneration, and so forth; 2) axial length

>25 mm; 3) incomplete data; 4) previous interventions (retinal

laser photocoagulation, intravitreal injection, and vitrectomy);

and 5) blurred digital fundus image.

After the aforementioned screening, a total of 410

participants were recruited in this study and randomly divided

into a training cohort (n = 292) and a validation cohort (n = 118)

in a ratio of 7:3 using R software. Many variables showed

statistically significant differences between DR and non-
frontiersin.org

https://doi.org/10.3389/fendo.2022.1033611
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Wang et al. 10.3389/fendo.2022.1033611
diabetic retinopathy (NDR), such as hypertension, serum

creatinine level, and duration of DM. These nonhomogeneous

variables were potential factors for modeling. More details are

presented in Table 1.
Retinal vascular geometry measurement

The retinal vascular traits were measured with the optic-

centered fundus images, and the required digital images were
Frontiers in Endocrinology 03
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obtained using a high-resolution TOPCON TRC-NW8 digital

retinal camera (Topcon Optical Company, Tokyo, Japan) at a

45° angle after pupil dilation. All study participants underwent

fundus fluorescein angiography (FFA) to determine their retinal

status. These photos were classified as DR and NDR by two

experienced professors (XZ and DL) according to the Early

Treatment Diabetic Retinopathy Study and the result of the

FFA (13).

To ensure the accuracy of the measurements, two researchers

measured the retinal vessel characteristics independently (SL and
TABLE 1 Characteristics of the patients in the NDR and DR.

Characteristics NDR (n = 182) DR (n = 228) P

Mean SD/Percentage Mean SD/Percentage

Age (years) 62.12 0.0968 64.2000 10.7480 0.132

Gender (Female) 93 51.1% 123.0000 53.90% 0.566

Duration (years) 6.058 3.4002 9.1180 4.5801 <0.001*

Oral drug only (yes) 122 67% 90.0000 39.50% <0.001*

Insulin dose (IU) 9.786 16.3549 20.6080 20.9781 <0.001*

BMI (kg/m2) 24.2318 3.312 24.7295 3.7429 0.072

Systolic blood pressure (mmHg) 131.2 16.821 139.2500 19.2050 0.038

Diastolic blood pressure
(mmHg)

81.82 13.45 80.5100 13.4190 0.198

Hypertension (yes) 93 51.1% 149.0000 65.40% 0.004

Smoking history (yes) 57 31.3% 57.0000 25.00% 0.156

Mean branch angle (°) 54.2921 0.7497 53.2071 10.1054 0.032

Fractal dimension 1.5584 0.0358 1.5131 0.0531 <0.001*

Arterial tortuosity 0.6039 0.1274 0.7402 0.4000 <0.001*

Venular tortuosity 0.819 0.138 0.8776 0.1991 0.002

Arterial caliber (mm) 48.5279 3.2934 48.4769 4.2410 0.487

Venular caliber (mm) 68.3851 5.2224 73.6248 7.0740 <0.001*

AVR 0.7137 0.5277 0.6629 0.6782 0.002

HbA1c (%) 8.5129 1.8219 8.7895 2.1703 0.419

eGFR (ml/min/1.73 m2) 98.402 21.4759 82.9920 28.5300 <0.001*

Creatinine (mmol/L) 9.1145 2.9815 10.3861 5.1095 0.001

Fasting plasma glucose (mmol/L) 9.1145 2.9815 10.3861 5.1095 0.181

A/G 1.5884 0.3739 1.4424 0.3039 <0.001*

Triglyceride (mmol/L) 1.8976 1.1818 2.0131 1.9573 0.084

TC (mmol/L) 4.4555 1.0263 4.5810 1.1400 0.206

HDL (mmol/L) 1.1520 0.3579 1.1328 0.3038 0.946

LDL (mmol/L) 2.3223 0.7051 2.4768 0.8359 0.112

ApoA1 (mmol/L) 1.6296 5.2539 1.2940 0.2700 0.055

ApoB (mmol/L) 0.8775 0.2597 0.8213 0.2510 0.027

ApoE (mmol/L) 46.1534 24.7181 40.8618 17.8197 <0.001*

Lipoprotein (mmol/L) 220.1080 267.0026 255.8300 267.1131 0.043

NEFA (mmol/L) 1.1201 9.5043 0.3629 0.2405 0.004

Urinary albumin-to-creatinine ratio 4.1964 15.3784 50.4970 156.3525 <0.001*

Albuminuria (mmol/L) 31.2920 112.3517 301.3360 1026.3131 <0.001*
frontie
AVR, arteriole-to-venule ratio; BMI, body mass index; HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TC, total cholesterol; A/C, albumin-to-
globulin ratio; eGFR, estimated glomerular filtration rate; SD, standard deviation.
Continuous variables are presented as mean and SD, and categorical variables are presented as mean and percentage. P-values were compared by independent t-test, Mann–Whitney U test,
or chi-square test as appropriate. *P < 0. 001.
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ZZ) using digital fundus image analysis software EVisionAI. This

software was based on bionic human vision and deep learning

system and could automatically recognize and segment retinal

features. If different consequences were obtained from the two

experts, another measurement was required. The right fundus

image was collected. The left fundus image was an alternative if

the poor image led to a blurred view of the retinal vessel.

First, the digital images were uploaded to the software, and

the position of the optic disc and fovea was located

automatically. Then, the software automatically sketched the

map of the retinal geometry. At the same time, the vessels were

classified as venule and arteriole. The operator edited the

incorrectly labeled vessels. Furthermore, the vascular traits

were quantified using a built-in computerized algorithm.

The vascular traits in this study included vascular caliber,

tortuosity, fractal dimension, arteriole-to-venule ratio (AVR), and

mean branch angle. The arterial diameter was defined as the average

diameter of all visible arteries in the fundus image; the venular

diameter was also measured similarly. The AVR was defined as the

ratio of the arterial diameter to the venous diameter in the same

image measured in an aforementioned manner. The vascular

tortuosity was measured as the mean value of the tangent slope at

every point on the pathway of tortuous vessels. The fractal

dimension was measured on the basis of self-similarity, reflecting

how the branching pattern filled the space, describing the

complexity of the retinal vascular tree effectively. In a word, the

more complex the vascular texture, the larger the fractal dimension

value was. Themean branch angle is the averagemeasurement of all

of the branching angles within the area of two disc diameters away

from the optic disc boundary.
Observation indexes

The clinical data including age, sex, duration of DM,

smoking history, HbA1c, fasting plasma glucose, insulin

dosage, hypertension, and so forth were collected. The retinal

vascular parameters were measured, including mean vascular

caliber, AVR, mean vascular tortuosity, fractal dimension, and

mean branch angle. Two researchers (MW and XZ) checked the

collected data independently to ensure completeness

and reliability.
Statistical analysis

The statistical analysis was performed on IBM SPSS version

23 software and R software (version 4.2.1). All continuous

variables were checked for normality. The categorical variables

were displayed as counts and percentages and analyzed using the

c2 test. The continuous variables were displayed as means ±
Frontiers in Endocrinology 04
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standard deviation and analyzed using the t-test or Mann–

Whitney U test. The independent predictors for DR among

patients with T2DM were identified by the least absolute

shrinkage and selection operator (LASSO) regression. Before

selection, all of the feature values were standardized using the Z-

score to remove dimension divergence among the observational

data. The discrimination, calibration, and clinical application

value of the prediction models were validated in both training

and validation cohorts with areas under the receiver operating

characteristic curve (AUCs), calibration plots, and decision

curve analysis (DCA) curves. A P value < 0.05 indicated

statistically significant differences. The details were presented

in Figure 1.
Results

General characteristics of
the participants

A total of 410 patients with T2DM, including 292 in the

training cohort and 118 in the validation cohort, participated in

this study. In the training cohort, 160 patients developed DR,

accounting for 54.79%. In the validation cohort, 68 patients

developed DR, accounting for 57.63%. No significant differences

were observed in sex, age, and Body Mass Index (BMI) between

DR and NDR (P > 0.05), indicating comparability between the

two groups. More details are presented in Table 1.
Predictors selection

The LASSO regression analysis can select the independent

risk factors for the linear regression models by shrinking the

regression coefficients of variables toward zero. Supposing the

regression coefficient is zero, the corresponding variable is

excluded from the model. The remaining factors with non-

zero regression coefficients are called independent risk factors

having a closer association with the outcome event. In this study,

33 variables were introduced, and five variables with non-zero

regression coefficients remained (Figure 2). The features selected

in the LASSO analysis were fractal dimension, venular caliber,

arterial tortuosity, insulin dosage, and duration of T2DM.
Development of models

A nomogram model was developed for DR risk prediction

with these selected features using the multivariable logistic

regression analysis (Figure 3). The probability of incident DR

was calculated using the following equation:
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FIGURE 1

Flow diagram of the analysis.
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logist Pð Þ = 31:4591 − 28:7245� fractal dimension + 0:1022

� venular caliber + 5:8777� arterial tortuosity

+ 0:0304� insulin dosage + 0:1881

� duration of T2DM

Additionally, two models were constructed to confirm the

performance advantage of the nomogram. The clinical model (C-

Model) was built by a previous study (14) with clinical signatures

(age, HbA1c, triglyceride, albuminuria, and duration of DM). The

selected retinal vascular traits (fractal dimension, venular caliber,
Frontiers in Endocrinology 06
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and arterial tortuosity) were used to establish the vascular geometry

model (V-Model). According to the receiver operating

characteristic (ROC) curves, the performance of the V-Model was

better than that of the C-Model in both training and validation

cohorts (Figure 4). This indicated that the retinal vascular signatures

exhibited more predictive value than that of the clinical data.

However, the predictive nomogram model displayed the highest

AUC among these three (0.909 in the training cohort and 0.876 in

the validation cohort). Accordingly, the retinal vascular traits

combined with the clinical data of patients could improve the

specificity and sensitivity of diagnosis.
FIGURE 3

The nomogram model.
FIGURE 2

Least absolute shrinkage and selection operator (LASSO) regression and variable selection. All features were normalized by Z-score to remove
the dimension divergence among the observational variables. In the cross-validated error plot, 25 variables with non-zero coefficients were
selected at minimum cross-validated error, while five variables with non-zero coefficient remained at minimum cross-validation error within 1
standard error of the minimum.
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Validation of the models

Calibration

The calibration curve of the established models evaluated the

consistency between actual and predicted probabilities. In this

study, it presented remarkable coherence in the three models in

both training and validation cohorts (Figure 5). However, the P

values of the Hosmer–Lemeshow test of the C-Model in both

training and validation cohorts (0.263 and 0.374, respectively)

were lower than those of the other two models. This illustrated

that the V-Model and the nomogram model performed with

higher calibration and better fitting.
Clinical use of the prediction nomogram

The results of the DCA for the models are presented in

Figure 6. The DCA curves were drawn on the basis that the

retinopathy prevalence of newly diagnosed diabetes was 30.6%

in China (15). The horizontal line represented that none of the

patients was living with DR, and all of them were treatment-free.

The other oblique line was drawn on the assumption that all of

the patients with T2DM had DR and received clinical

intervention. The clinical net benefit was calculated using the

following formula: net benefit = (true positive + false negative) –

(false positive + true negative). For the C-Model, only if the

threshold probability was larger than 13% in the validation
Frontiers in Endocrinology 07
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cohort and in a relatively narrow range in the training cohort,

the net benefit of patients was higher than that of the other two

extreme curves (horizontal and oblique lines). However,

according to the DCA curves, the net benefit of the nomogram

and the V-Model was non-zero and much higher than that of the

C-Model in a wide range of threshold probability. Moreover,

among the established models, the nomogram model gained the

highest net benefit in a wide range of threshold probability in

both training and validation cohorts. This distinct difference

indicated the performance advantage of this nomogram with

good clinical safety. Furthermore, the cutoff value (18.9%) of the

nomogram model according to the ROC curve of the training

cohort was within the range of threshold probability in both

DCA curves, showing good clinical usefulness as well. Given that

18.9% is defined as the threshold probability for screening DR

and taking medical intervention, the net clinical benefit in the

training and validation cohorts was 73.82% and 72.19%,

respectively. That is, 73 and 72 of every 100 patients with

T2DM who were found to have DR using this nomogram

model in the training and validation cohorts would gain

clinical benefits, respectively.
Visualization application of
diabetic retinopathy

In a patient with T2DM, the relevant information of risk

factors was obtained as follows: fractal dimension, 1.53; venular
FIGURE 4

Receiver operating characteristic (ROC) curves of the constructed models. The y-axis means the true-positive rate of the risk prediction. The x-
axis means the false-positive rate of the risk prediction. The blue line represents the performance of the nomogram. The cutoff value and area
under the receiver operating characteristic curve (AUC) are presented in the picture as well.
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caliber, 65 mm; arterial tortuosity, 0.0007; insulin dosage, 30 IU/

day; and duration of DM, 10 years. According to the predictive

nomogram (Figure 3), the risk of DR for this patient was

approximately 30%, much higher than the cutoff value
Frontiers in Endocrinology 08
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(18.9%). According to the DCA curve, the medical

intervention was supposed to be taken to reduce the risk of

incident DR. Meanwhile, a web page was built for screening

based on this nomogram model (http://116.205.175.141:4949).
FIGURE 5

Calibration curves of the constructed models. The y-axis means the actual diagnosed diabetic retinopathy (DR). The x-axis meant the predicted
risk of DR. The green lines represent the performance of the training cohort and validation cohort, which indicate a closer fit to the red line.
This represents a better prediction.
FIGURE 6

Decision curve analysis (DCA) for the constructed models. The y-axis measured the standardized net benefit. The horizontal line represented
that none of the patients has diabetic retinopathy (DR) and all of them were treatment-free. The other oblique line is drawn on the assumption
that all of the type 2 diabetes mellitus (T2DM) patients have DR and received clinical intervention.
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Discussion

Currently, the nomogram has drawn increasing attention as

a predictive tool in diagnosis and prognosis because it can

quantify the individual probability of a clinical event with

several significant variables (10). It meets our need for early

detection with a mathematical model and facilitates

individualized medicine (16). Furthermore, the scoring system

presents the probability of a clinical outcome clearly and

intuitively, promoting the doctor–patient communication and

better clinical decision-making (17). In this study, we developed

a nomogram using retinal vascular geometry parameters and

basic clinical information with no blood test required. Therefore,

it may play a key role in screening DR because of

its convenience.

A total of 55.61% of the enrolled patients with T2DM had

DR. This prediction nomogram model indicated that a smaller

fractal dimension, larger venular caliber, increased arterial

tortuosity, longer duration of DM, and larger insulin dosage

were the key risk factors determining the incident DR for T2DM.

Although 14 clinical indicators showed significant differences

(P< 0.05) between the DR and NDR groups, only two variables

were selected by the LASSO method. The circulation

information gained from biological samples, such as blood and

urine, was affected by multiple potential comorbidities and

personal lifestyles. Whether the accessible circulation

information reliably reflected the retinal status and local

concentration of any specific factor was worth considering. To

assess disease status, it would be optimal to measure indicators

directly in the tissues influenced by the disease of interest (18).

However, the biopsy of retinal tissue in vivo is unrealistic. The

evaluation of altered retinal vascular morphology can be a viable

alternative. Furthermore, the C-Model showed limited

prediction accuracy, while the V-Model displayed favorable

predictive performance. However, the predictive value of

clinical data could not be ignored as well. In this study, the

predictive nomogram developed with retinal vascular factors

and clinical factors presented satisfactory predictive capability

and better performance than those of the V-Model and

C-Model.

The individual risk probability of DR could be obtained by

introducing specific indicators of patients into this nomogram. The

relatively good discrimination and calibration suggested that this

prediction nomogram model could be adapted clinically.

Additionally, it would help in risk stratification, leading to better

management of patients with and without DR. For individuals at

high risk, a closer follow-up was required. This study developed a

relatively reliable predictive tool to evaluate the risk of DR in

patients with T2DM. Yet, more efforts should be taken to

improve the model in terms of accuracy and applicability.
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Duration of disease and insulin dosage

The duration of DM and insulin dosage were risk factors for

T2DM. The result implied that longer duration and larger insulin

dosages had a close association with incident DR. They should be

considered as a pair of risk variables in analyzing the association

with DR. Insulin is indispensable for normal protein, fat, and

carbohydrate metabolism. Patients with T2DM are initially

treated with antiglycemic drugs such as biguanide. However, over

time, most of them show a decrease in insulin production; hence,

insulin supplementation is required to control chronic high blood

sugar levels. Abundant resources greatly satisfy the needs of human

beings and influence people’s behavior and lifestyle. An unhealthy

lifestyle is the main reason for the shift in the therapeutic regimen

for patients with T2DM (19), starting with glucose-lowering

medicines, followed by low-dose insulin, and then increasing the

insulin dosage. Over time, the function of islet cells is impaired with

insufficient insulin secretion, leading to a growing demand for

exogenous insulin dosage (20).

In our study, the mean duration of the disease course was

approximately 6 years in NDR and 9 years in DR in both training

and validation cohorts. The use of mean insulin dosage in DR was

much more than that in NDR in both cohorts. Thus, we could infer

that the insulin dosage was roughly parallel with the duration of

T2DM. Long-term hyperglycemia can damage the vascular system

insidiously, including the retinal vascular tree. Studies also showed

that a longer duration of DM led to a higher prevalence of DR (21,

22). Based on this perception, the duration of DM may be a more

vital factor to the risk of retinopathy. Meanwhile, the regression

coefficient of the duration of DM was larger than that of insulin

dosage, suggesting that the duration was a more important one

contributing to incident DR. The patients with a longer duration of

T2DM and a larger dosage of insulin were more likely to suffer

from DR.
Retinal geometry

Previous researchers reported an optimal circulation that

drove blood flow with the least energy and completely met the

metabolic demands of local tissues (23). Any deviation from this

optimal vascular structure would result in reduced circulatory

efficiency. The primary functions of the retinal vascular tree were

nourishing the retinal tissue and removing local wastes. As a

result, the retinal vascular needed to modify itself continuously

to accommodate the changing demand for metabolism and

blood pressure. Therefore, the peripheral metabolic

environment and perfusion demands were of paramount

importance to determine the ultimate retinal vascular

architecture, especially in metabolic diseases, such as diabetes.
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Vascular tortuosity

The normal retinal vascular is gently curved or roughly

straight. A tortuous vascular may result from increasing vascular

endothelial growth factor (VEGF) levels in response to an

incomplete retinal vessel wall caused by hypoxia or ischemia

(24). Except traditional neovascularization, tortuosity is

considered as another form of angiogenesis with an increased

VEGF level (25) because it must elongate enough to

accommodate its tortuous changes. This appears to be

consistent with the conventional view of the retinopathy signs

of venular beading. Yet, in this study, both arterial and venular

vascular showed a statistically significant difference between

NDR and DR in terms of tortuosity. The coefficient of venular

tortuosity shrunk to zero in the LASSO analysis, implying a less

predictive value in this study than that of arterial tortuosity.

The hyperglycemia-mediated retinal vascular injury

started with the loss of endothelial cells and surrounding

pericytes, resulting in autoregulation dysfunction (26). The

chronic high blood sugar level undermined the basement

membrane of the vessel wall. The collagen fibers of the

basement membrane functioned against the irregular

longitudinal traction and transmural pressure with its axial

strain, maintaining the morphological stability of the retinal

vasculature (27). The increased vascular tortuosity indicated a

decrease in endothelial cells and pericytes (28), thus being

relatively more fragile and vulnerable to hemorrhage. This

was parallel with well-recognized features of retinopathy in

diabetes. We inferred that patients with tortuous retinal

vessels suffered from more severe retinopathy and were

more likely to be observed with hemorrhage spots under a

funduscope. Moreover, neovascularization might appear

much earlier than less tortuous retinal vasculature.
Vascular caliber

The biological mechanism of the changes in the retinal vessel

caliber in patients with DR is unclear. The widening venule may

reflect increased volumetric blood flow related to hyperglycemia

and retinal hypoxia. The uncontrollable blood sugar and tissue

hypoxia would finally result in accumulative lactic acidosis and

autoregulatory endothelial dysfunction (29). The retinal vascular

caliber largely depends on retinal perfusion and vascular

autoregulation. Blunt vasomotion caused by impaired

endothelial cells may play a role in this. Furthermore, retinal

perfusion is regulated by the demands of local metabolism. A

smaller vascular caliber has been reported in patients

undergoing panretinal photocoagulation (30). The reduced

demand of the metabolism secondary to the damage of the
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ischemic retinal area was assumed to be responsible for

narrowed retinal blood vessel with improved oxygenation and

lower volumetric blood flow. Furthermore, a close connection

was reported between the gradually increased venular caliber

and higher HbA1c level (31), as well as the severity of

retinopathy (32), which reflected poor blood glucose

control indirectly.

In this study, a significant difference in the venular caliber

was observed between DR and NDR, while no obvious difference

was found in the arterial caliber. The observed result was

consistent with the findings of population-based studies (32,

33). In elderly patients without DM, both arteriolar and venular

calibers decreased with age, and the narrowing retinal vascular

was proven to be associated with hypertension and

cardiovascular risk (34, 35). It was assumed that the adverse

effect of hyperglycemia was underestimated, and poor control of

blood sugar level might exert a greater influence on vascular

architecture than blood pressure (36, 37).
Fractal dimension

The fractal dimension is a relatively simple method used for

evaluating the complexity of the retinal vascular tree. It is not

associated with macrovascular disease and has a closer

association with microvascular disease (38). As DR progresses,

further non-perfusion patches formed with occlusive

microvasculature and the complexity of retinal vascular

pattern reduces with a decrease in fractal dimension (39, 40).

Generally, the retinal vascular fractal dimension decreases in

vessel-involving diseases, including DR, which is in agreement

with the findings of our study. However, increased fractal

dimension in DR was also reported in previous studies. The

disorganized morphology of neovascularization may be

responsible for this. In this study, among the five selected

variables, fractal dimension had the largest absolute value of

the coefficient with a P value<0.0001, indicating that the fractal

dimension had the greatest impact on the predictive probability.

This was parallel with the point that fractal analysis was a

potential predictive factor for diagnosing DR (41).

Currently, the preventive measures for retinopathy in T2DM

are limited to blood sugar control and a healthy lifestyle. Limited

therapeutic measures can slow down the progression of DR but

can never cure it completely. In clinical practice, identifying

patients with DR early and precisely determining the timing for

intervention are worth considering. Meanwhile, the retinal

vascular geometry is closely related to tissue metabolism,

reflecting retina status directly. This study developed and

validated a prediction nomogram model based on retinal

vascular indicators for retinopathy in T2DM and assessed its
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clinical usefulness. In our study, the DCA curve suggested that

the observed net clinical benefit of the nomogram was much

higher than that of reference lines in a wide range of threshold

probability. Considering the cutoff value (18.9%) as the

threshold probability of the DCA curve, no clinical

interventions should be taken for patients with probabilities

lower than 18.9%. However, if the probability of DR is more than

18.9%, further examination can be arranged and a close follow-

up is required. Based on this perception, this prediction model

facilitates risk stratification and clinical decision-making in

patients with T2DM.
Conclusion

In conclusion, the five identified independent risk variables

for DR in T2DM in our study were fractal dimension, venular

caliber, arterial tortuosity, duration of DM, and insulin dosage.

Additionally, we developed a personalized nomogram model

and a further web page, making it more convenient for clinical

application. This predictive nomogram presented a wide range

of probability thresholds, indicating good clinical application.

This can facilitate early detection and risk stratification of

developing DR.
Limitations

This study still had some limitations. First, the enrolled

population was relatively small. All of the recruited participants

were hospitalized patients mainly distributed in surrounding

communities. No biochemical factors were introduced in this

nomogram model. Further studies are supposed to be conducted

to confirm the contribution of biochemical risk factors in the

diagnosis of DR. Therefore, extending the range of participants

might make the nomogrammodel more representative. Also, the

duration of DM is an arbitrary variable because most patients

were not aware of it when they were initially in such a state.

Furthermore, no patient could remember the exact date even the

month of diagnosis precisely. Third, the venular diameter was

the only variable influenced by magnification in this model.

These magnification differences caused by refractive error were

unavoidable among individuals, leading to slight differences in

the measurement of vascular diameter. Therefore, prospective

studies should be implemented further to confirm the diagnostic

value of the retinal vascular caliber.
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Infectious Diseases, The First Affiliated Hospital of Chongqing Medical University,
Chongqing, China, 9Department of Gastroenterology, Chengdu Fifth People’s hospital,
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Background: Comprehensive eye examinations for diabetic retinopathy is

poorly implemented in medically underserved areas. There is a critical need

for a widely available and economical tool to aid patient selection for priority

retinal screening. We investigated the possibility of a predictive model for

retinopathy identification using simple parameters.

Methods: Clinical data were retrospectively collected from 4, 159 patients with

diabetes admitted to five tertiary hospitals. Independent predictors were

identified by univariate analysis and least absolute shrinkage and selection

operator (LASSO) regression, and a nomogram was developed based on a

multivariate logistic regression model. The validity and clinical practicality of

this nomogram were assessed using concordance index (C-index), area under

the receiver operating characteristic curve (AUROC), calibration curves,

decision curve analysis (DCA), and clinical impact curves (CIC).

Results: The predictive factors in the multivariate model included the duration

of diabetes, history of hypertension, and cardiovascular disease. The three-

variable model displayed medium prediction ability with an AUROC of 0.722

(95%CI 0.696-0.748) in the training set, 0.715 (95%CI 0.670-0.754) in the

internal set, and 0.703 (95%CI 0.552-0.853) in the external dataset. DCA

showed that the threshold probability of DR in diabetic patients was 17-55%

according to the nomogram, and CIC also showed that the nomogram could

be applied clinically if the risk threshold exceeded 30%. An operation interface

on a webpage (https://cqmuxss.shinyapps.io/dr_tjj/) was built to improve the

clinical utility of the nomogram.
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Conclusions: The predictive model developed based on a minimal amount of

clinical data available to diabetic patients with restricted medical resources

could help primary healthcare practitioners promptly identify potential

retinopathy.
KEYWORDS

diabetes mellitus, diabetic retinopathy, predictive model, medically underserved
settings, webpage
1 Introduction

In China, the number of people with diabetes mellitus (DM)

has increased significantly over the last four decades. The

prevalence of DM has increased more than 15-fold, from

0.67% (1) in 1980 to 11.2% (2)in recent population studies.

Diabetic retinopathy (DR) is a common chronic complication of

DM and a leading cause of irreversible visual impairment in

working-age adults (3).

The fact that patients with DR (including diabetic macular

edema) may be asymptomatic in the early stages provides strong

evidence for conventional retinal screening. The guidelines

recommend that patients with type 1 or type 2 diabetes should

undergo an initial comprehensive eye examination within 5

years after the onset of diabetes or at the time of diagnosis,

respectively (4, 5). However, the capacity for early DR testing is

insufficient, and there are few national programs for DR

screening in China (6),especially given the high incidence of

DM. The causes are numerous and include a lack of effective

screening tools, scarcity of eye care professionals, and a

multidisciplinary strategy from picture capture to DR

diagnosis. In addition, regional economic imbalances and

disparities in lifestyle make it challenging to replicate the DR

management approaches in China. This is particularly

problematic in restricted medical resource settings, where the

annual screening rates for DR are significantly lower than the

national average (7, 8).

Several molecular and biochemical pathways are involved in

the incidence and development of DR, but the interactions

between various mechanisms remain to be fully elucidated (9).

Clinical studies have identified a number of risk factors for DR,

including demographic characteristics such as age (10–12),

duration of diabetes (10, 11, 13–17), obesity (10), and

pregnancy status in diabetic women of childbearing age (18),

comorbidities or complications such as hypertension (10, 12,

16), dyslipidemia (10, 12, 13), cardiovascular disease(CVD) (11,

12) and diabetic nephropathy (10, 12, 17, 19), and other

laboratory parameters such as glycated hemoglobin (10, 11, 13,

15–17, 19), glycemic variability (20, 21), and susceptibility genes

(22). However, the aforementioned risk factors derived from
02
50
population-based studies can only account for 9% of DR

progression (23). Laboratory biomarkers are difficult to obtain

in healthcare resource-limited settings, and the rate of self-

monitoring of blood glucose (SMBG) adherence in Chinese

diabetic individuals has not reached an optimal level (24).

Considerable research effort has recently focused on

developing predictive models for DR using machine learning

algorithms (10, 12, 13, 16, 19, 21), but these models cannot be

applied well in low-medical-resource settings. Nearly 510 million

Chinese people (36.1% of the total population) live in rural areas

(25), and 72.5% of patients do not comply with structured SMBG

(24), not to mention consecutive follow-up records or regular

laboratory tests. Medical providers in this primary health care

(PHC) setting require a simple screening tool for quickly

identifying patients at high risk of DR in a single visit and

appropriately referring them to retinal specialist ophthalmologists.

This study aimed to provide a direct diagnostic paradigm for

PHC clinicians and to develop an online application based on

the nomogram so that patients at risk of DR without access to

routine eye examinations could be priorit ized for

retinal screening.
2 Methods

2.1 Data source

Clinical data were obtained from five tertiary hospitals in

southwest China, including five in Chongqing (hospitals A-D)

and one in Chengdu (hospital E). In this multicenter

retrospective study, 4,159 of 32,168 diabetic patients with

clinical consultation records met the quality standards for the

final analysis. These patients were randomly divided into a

training set with 2,610 samples and an internal validation set

with 1,119 samples from hospitals A-D. A total of 430 samples

from hospital E were used for external validation. The study

adhered to the principles of the Declaration of Helsinki and the

Transparent Reporting of a Multivariable Prediction Model for

Individual Prognosis or Diagnosis Guidelines (26). Clinical

research ethics approval was obtained from the Ethics
frontiersin.org
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Committee of the Affiliated Banan Hospital of Chongqing

Medical University. Individual patient-level consent was not

required because the study only used fully de-identified

collected data.
2.2 Diagnostic criteria

DM was diagnosed according to the 1999 World Health

Organization criteria, consistent with the standards of medical

care for type 2 diabetes in China (2019) (5). According to these

guidelines (4, 5), the diagnosis of DR was determined based on

fundus photography, examination using dilated funduscopy on

ophthalmologist consultation, or prior medical records. Clinical

diagnosis (CVD, hypertension, DR) and symptoms in our

database are recorded using the ICD-10 code system. ICD-10

codes related to our study are given in Table S1.
2.3 Inclusion and exclusion criteria

The inclusion criteria for this study were diabetes patients

admitted between July 2010 and June 2022 with laboratory

parameters and ocular variables. Exclusion criteria were as

follows: (i) age <18 years, (ii) data on diabetes duration and

body matrix index (BMI) not available, and (iii) variables with

>30% missing values. The detailed selection process is shown in

Supplementary Figure S1.
2.4 Data collection

On the basis of previous studies, 42 variables routinely tested

or recorded were collected, which included age, duration of

diabetes, body mass index (BMI), systolic blood pressure (SBP),

diastolic blood pressure (DBP), gender, smoking and alcohol

consumption status, previous diagnosis of hypertension,

cardiovascular disease (CVD) and stroke, antihypertensive

drug therapy, lipid-lowering treatment (statins, fenofibrate),

an t ip l a t e l e t therapy , an t id iabe t i c drugs [ in su l in ,

thiazolidinediones (TZD), alpha-glucosidase inhibitors (AGI),

sulfonylurea (SU), dipeptidyl peptidase-4 inhibitor (DPP-4i),

GLP-1 receptor agonists (GLP-1RAs), metformin (Met),

sodium-glucose cotransporter-2 inhibitors (SGLT2-i)], glycated

hemoglobin (HbA1c), fasting blood glucose (FBG), estimated

glomerular filtration rate (eGFR), serum levels of creatinine

(SCR), uric acid (SUA), albumin (ALB), total bilirubin (TBIL),

alkaline phosphatase (AKP), aspartate aminotransferase (AST),

alanine aminotransferase (ALT), total cholesterol (TC),

triglycerides (TG), low-density lipoprotein cholesterol (LDL-

C), neutrophil percentage (NP), neutrophil-to-lymphocyte

ratio (NLR), platelet-to-lymphocyte ratio (PLR), lymphocyte to

monocyte ratio (LMR), Systemic immune-inflammation index
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(SII; platelet count × neutrophil-to-lymphocyte ratio), and

neutrophil percentage-to-albumin ratio (NPAR). eGFR was

calculated using equations from the Modification of Diet in

Renal Disease (MDRD), according to current recommendations

(5). NLR, PLR, LMR, SII, and NPAR have been used to evaluate

systemic inflammation, and these novel markers were recently

found to be related to DR based on results from the National

Health and Nutrition Examination Survey (NHANES) (27–29).
2.5 Statistical analysis

Statistical analysis was performed using SPSS 22.0 and R

software (version 4.0.2, Vienna, Austria). Normally distributed

variables were expressed as the mean ± standard deviation and

compared by t-test between two groups. The median (interquartile

range, [IQR]) was used to express variables without normal

distributions, and the Mann-Whitney U test was used to

compare them. Qualitative data were reported as percentages

and compared using the c2 test. Independent risk factors were

selected using least absolute shrinkage and selection operator

(LASSO) regression and multivariate logistic regression (30). A

nomogram for identifying DR occurrence was constructed using

covariates selected by multivariate regression, and discriminatory

ability was assessed by measuring the area under the receiver

operating characteristic curve (AUROC) (31). Calibration curves

were used to evaluate calibration of the nomogram (32). Decision

curve analysis and clinical impact curves were used to assess the

clinical applicability of the nomogram (33). Multiple interpolation

was used to fill in missing values that did not exceed 30% for

continuous variables. All statistical analyses were two-sided, and

statistical significance was set at P < 0.05.
3 Results

3.1 Patient characteristics

Table 1 summarizes the clinical characteristics of patients in

the training and internal validation sets. The two groups did not

show significant differences in age, sex, history of smoking or

a lcohol consumption, hypertens ion, CVD, stroke ,

antihypertensive drugs, lipid-lowering treatment (statins,

fenofibrate), antiplatelet therapy, antidiabetic drugs (insulin,

TZD, AGI, SU, DPP-4i, GLP-1 Ras, Met, SGLT2-i), duration,

BMI, SBP, DBP, or most laboratory parameters (P > 0.05).
3.2 Selection of predictors for DR in the
training set

Patients in the training set were divided into DR and non-

DR groups. Univariate analysis revealed that the following
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TABLE 1 Demographic and clinical characteristics of the training and internal validation sets.

Variables Training set
(n = 2610)

Internal validation set
(n = 1119) P value

Age (IQR, years) 63.00 (54.00,70.00) 64.00 (54.00,71.50) 0.563

Sex 0.923

Female 1317 (50.46) 562 (50.22)

Male 1293 (49.54) 557 (49.78)

Smoking (yes, n, %) 819 (31.38) 346 (30.92) 0.811

Alcohol (yes, n, %) 706 (27.05) 287 (25.65) 0.397

DR (yes, n, %) 455 (17.43) 169 (15.10) 0.087

Hypertension (yes, n,%) 1005 (38.51) 396 (35.39) 0.078

CVD (yes, n, %) 363 (13.91) 141 (12.60) 0.309

Stroke (yes, n, %) 176 (6.74) 64 (5.72) 0.274

Antihypertensive drug (yes, n, %) 1260 (48.28) 519 (46.38) 0.305

Statins (yes, n, %) 1345 (51.53) 592 (52.90) 0.464

Fenofibrate (yes, n, %) 190 (7.28) 75 (6.70) 0.576

Antiplatelet drug (yes, n, %) 1493 (57.20) 622 (55.59) 0.380

Antidiabetic drug

Insulin (yes, n, %) 2003 (76.74) 864 (77.21) 0.788

TZD (yes, n, %) 117 (4.48) 52 (4.65) 0.893

AGI (yes, n, %) 872 (33.41) 341 (30.47) 0.086

SU (yes, n, %) 985 (37.74) 423 (37.80) 1.000

DPP-4i (yes, n, %) 57 (2.18) 31 (2.77) 0.335

GLP-1RAs (yes, n, %) 74 (2.84) 31 (2.77) 0.999

Met (yes, n, %) 952 (36.48) 425 (37.98) 0.403

SGLT2-i (yes, n, %) 115 (4.41) 60 (5.36) 0.238

Duration (IQR, years) 9.00 (4.00,14.00) 8.00 (4.00,13.00) 0.128

BMI (IQR, kg/m2) 24.20 (22.00,26.70) 24.20 (21.70,26.70) 0.495

SBP (IQR, mmHg) 136.00 (124.00,150.00) 136.00 (123.50,149.00) 0.953

DBP (IQR, mmHg) 79.00 (71.00,87.00) 79.00 (70.00,86.00) 0.408

NP (IQR) 64.50 (57.18,72.30) 64.00 (57.25,71.95) 0.773

NLR (IQR) 2.39 (1.70,3.62) 2.31 (1.70,3.49) 0.610

PLR (IQR) 110.89 (83.71,150.00) 110.24 (81.70,150.00) 0.523

LMR (IQR) 4.62 (3.30,6.37) 4.80 (3.42,6.41) 0.224

SII (IQR) 435.30 (288.25,704.11) 430.61 (276.31,687.38) 0.475

NPAR (IQR) 15.60 (13.50,18.20) 15.50 (13.60,18.10) 0.814

TBIL (IQR, umol/l) 10.70 (8.10,14.30) 10.60 (8.00,14.20) 0.622

ALP (IQR, IU/L) 77.00 (63.00,95.53) 78.00 (63.00,95.00) 0.699

AST (IQR, IU/L) 20.00 (16.00,26.00) 19.00 (16.00,24.90) 0.023
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variables were significantly associated with DR: age, sex,

hypertension, CVD, stroke, antihypertensive drugs, statins,

antiplatelet drugs, antidiabetic drugs (insulin, TZD, AGI,

DPP-4i, GLP-1 RAs, Met), duration, BMI, SBP, SII, TBIL,

TC, Cr, LDL-C, Alb, HbA1c, FBG, and eGFR (Table 2).

Indicators with statistical differences in univariate analysis

were further by LASSO regression and multivariate logistic

regression analysis (Figure 1, Table 3). In LASSO regression,

ten-fold crossover method was used to verify the adjusted

parameters l. Figure 1 shows the process of LASSO screening

for optimal parameters. In the solution path diagram of l and

variables, as l keeps increasing, the impact of the shrinkage

penalty grows, the compression of the model gets stronger, and

the fewer variables are selected. Each line represents the change

of coefficients of different variables, and the different number of

predictors selected according to l and the coefficients

corresponding to the selected variables are shown in

Figure 1A. Figure 1B shows the logarithmic value of l in the

horizontal coordinate, the error value in the vertical coordinate,

and the number of predictive variables for different values of l in
the upper part of the figure, and the two dashed lines indicate

lambda.min and lambda.1se, respectively. The model chose

lambda.1se corresponding to a l value of 0.03027783 and

selected three predictors (hypertension, CVD, duration). The

importance of each variable in predicting DR can be assessed

using the odds ratios provided by multivariate logistic regression

model (Table 3).
Frontiers in Endocrinology 05
53
3.3 Nomogram construction and
performance

To visualize the diagnostic model, we developed a nomogram

that provides a convenient and personalized presentation tool for

predicting the probability of DR (Figure 2A). Points were assigned

for all risk factors, first by drawing a line upward from the

corresponding value to the “Points” line to get the points for

each factor, then the points for all factors were added to obtain the

total points and a vertical line was drawn to the “Total point” row

to determine DR occurrence. One patient from our study was

shown as an example (presented in red). The distinct area of

rectangles represented the difference of the relative proportion of

patients in each subgroup (Figure 2B).

In the training set, the area under the AUROC curve was

0.722 (95% CI:0.696-0.748), which showed that the diagnostic

model had good discriminatory ability (Figure 3). The

calibration curve (bootstraps=1000) suggested that the

predicted probability was highly consistent with the actual

probability (Figure 4). The AUROC curves of the nomogram

were 0.712 (95% CI:0.670-0.754) and 0.703 (95% CI:0.552-0.853)

in the internal validation and external validation sets,

respectively (Supplementary Figures S2, S3). Table 4 lists the

detailed performance metrics of the three datasets.

Based on the original model, we combined other risk factors

previously reported in the literature, including SBP, HbA1c,

LDL-C, and all three. The performance of these models were
TABLE 1 Continued

Variables Training set
(n = 2610)

Internal validation set
(n = 1119) P value

ALT (IQR, IU/L) 19.65 (14.00,29.73) 19.00 (13.40,27.70) 0.008

TC (IQR, mmol/l) 4.58 (3.85,5.34) 4.59 (3.80,5.43) 0.314

TG (IQR, mmol/l) 1.55 (1.06,2.38) 1.57 (1.10,2.29) 0.686

LDL-C (IQR, mmol/L) 2.56 (1.97,3.19) 2.61 (2.01,3.25) 0.217

Cr (IQR, umol/l) 63.40 (51.70,79.20) 64.10 (52.15,81.10) 0.254

URAC (IQR, umol/l) 315.25 (255.78,381.33) 311.10 (257.30,387.30) 0.991

Alb (IQR,g/L) 41.10 (38.10,43.90) 40.90 (37.90,44.05) 0.990

HbA1c (IQR, %) 8.90 (7.40,11.10) 9.10 (7.40,11.40) 0.258

FBG (IQR, mmol/l) 9.61 (6.81,14.30) 9.50 (6.69,13.98) 0.396

eGFR (IQR, ml/min/1.73m2) 99.45 (79.74,116.89) 97.87 (77.95,116.20) 0.302

DR, diabetic retinopathy; CVD, cardiovascular disease; TZD, thiazolidinediones; AGI, alpha-glucosidase inhibitors; SU, sulfonylurea; DPP-4i, dipeptidyl peptidase-4 inhibitor; GLP-
1RAs, GLP-1 receptor agonists; Met, metformin; SGLT2-i, sodium-glucose cotransporter-2 inhibitors; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; NP, neutrophil percentage; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; LMR, lymphocyte to monocyte ratio; SII, systemic immune-inflammation
index; NPAR, neutrophil percentage-to-albumin ratio; TBIL, total bilirubin; ALP, alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; TC, total
cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; Cr, serum levels of creatinine; URAC, uric acid; Alb, albumin; HbA1c, glycated hemoglobin; FBG, fasting
blood glucose; eGFR, estimated glomerular filtration rate; IQR, interquartile range.
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TABLE 2 Univariate analysis of variables associated with DR.

Variables Total (N=2610) DR group (N=455) Non-DR group (N=2155) P value

Age 63.00 (54.00,70.00) 65.00 (57.00,71.50) 63.00 (53.00,70.00) <0.001

Sex 0.031

Female 1317 (50.46) 251 (55.16) 1066 (49.47)

Male 1293 (49.54) 204 (44.84) 1089 (50.53)

Smoking (yes, n, %) 819 (31.38) 152 (33.41) 667 (30.95) 0.332

Alcohol (yes, n, %) 706 (27.05) 129 (28.35) 577 (26.77) 0.529

Hypertension (yes, n, %) 1005 (38.51) 286 (62.86) 719 (33.36) <0.001

CVD (yes, n, %) 363 (13.91) 128 (28.13) 235 (10.90) <0.001

Stroke (yes, n, %) 176 (6.74) 55 (12.09) 121 (5.61) <0.001

Antihypertensive drug (yes, n, %) 1260 (48.28) 291 (63.96) 969 (44.97) <0.001

Statins (yes, n, %) 1345 (51.53) 280 (61.54) 1065 (49.42) <0.001

Fenofibrate (yes, n, %) 190 (7.28) 30 (6.59) 160 (7.42) 0.602

Antiplatelet drug (yes, n, %) 1493 (57.20) 331 (72.75) 1162 (53.92) <0.001

Antidiabetic drug

Insulin (yes, n, %) 2003 (76.74) 377 (82.86) 1626 (75.45) 0.001

TZD (yes, n, %) 117 (4.48) 35 (7.69) 82 (3.81) <0.001

AGI (yes, n, %) 872 (33.41) 186 (40.88) 686 (31.83) <0.001

SU (yes, n, %) 985 (37.74) 170 (37.36) 815 (37.82) 0.897

DPP4-i (yes, n, %) 57 (2.18) 19 (4.18) 38 (1.76) 0.003

GLP-1 RAs (yes, n, %) 74 (2.84) 24 (5.27) 50 (2.32) 0.001

Met (yes, n, %) 952 (36.48) 186 (40.88) 766 (35.55) 0.036

SGLT2-i (yes, n, %) 115 (4.41) 22 (4.84) 93 (4.32) 0.715

Duration (IQR, years) 9.00 (4.00,14.00) 12.00 (7.50,20.00) 8.00 (4.00,12.00) <0.001

BMI (IQR, kg/m2) 24.20 (22.00,26.70) 24.70 (22.40,27.20) 24.20 (21.80,26.60) <0.001

SBP (IQR, mmHg) 136.00 (124.00,150.00) 138.00 (126.00,152.00) 135.00 (123.00,148.00) 0.015

DBP (IQR, mmHg) 79.00 (71.00,87.00) 78.00 (71.00,86.00) 79.00 (72.00,87.00) 0.213

NP (IQR) 64.50 (57.18,72.30) 64.30 (56.80,70.60) 64.50 (57.25,72.50) 0.280

NLR (IQR) 2.39 (1.70,3.62) 2.39 (1.71,3.36) 2.40 (1.70,3.68) 0.636

PLR (IQR) 110.89 (83.71,150.00) 107.00 (84.30,143.44) 111.45 (83.50,150.59) 0.191

LMR (IQR) 4.62 (3.30,6.37) 4.43 (3.40,5.97) 4.66 (3.27,6.46) 0.230

SII (IQR) 435.30 (288.25,704.11) 422.38 (278.28,644.7) 440.53 (290.38,724.03) 0.048

NPAR (IQR) 15.60 (13.50,18.20) 15.70 (13.80,18.20) 15.50 (13.50,18.10) 0.234

TBIL (IQR, umol/l) 10.70 (8.10,14.30) 9.60 (7.50,12.50) 10.90 (8.30,14.70) <0.001

ALP (IQR, IU/L) 77.00 (63.00,95.53) 75.00 (63.00,93.00) 78.00 (63.60,96.15) 0.056

AST (IQR, IU/L) 20.00 (16.00,26.00) 20.00 (16.00,26.00) 20.00 (16.00,26.00) 0.556

ALT (IQR, IU/L) 19.65 (14.00,29.73) 21.00 (14.55,30.00) 19.10 (14.00,29.50) 0.211

TC (IQR, mmol/l) 4.58 (3.85,5.34) 4.29 (3.61,4.97) 4.63 (3.90,5.43) <0.001
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compared using Delong test (Table 5). Logistic regression

trained to detect DR in our model had an AUC of 0.722 (95%

CI 0.696-0.748), non-inferior to the original model combined

with SBP (AUC 0.723, 95% CI 0.698-0.749), LDL-C (AUC 0.726,

95% CI 0.700-0.752), HbA1c (AUC 0.721, 95% CI 0.695-0.747),

and all three variables (AUC 0.726, 95% CI 0.700-0.752)

(P=0.605, 0.247, 0.107, 0.286, respectively).
3.4 Clinical utility of the nomogram

The decision curves showed that the threshold probability of

DR in diabetic patients was 17-55% according to the nomogram

(Figure 5), and that applying this nomogram to identify DR

would provide greater benefit than an all-treatment regimen or
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an all-no-treatment regimen. In addition, further clinical impact

curves were created to assess the nomogram’s clinical impact

and provide a more intuitive understanding of its significance

(Figure 6). The clinical impact curves depicted the estimated

number of diabetic patients with DR at each risk threshold as

well as the actual number of patients presenting with DR. When

the risk threshold exceeded 30%, the estimated number of

patients was closer to the actual number of patients.
3.5 Construction of web app to easily
access the nomogram

Finally, we developed a user-friendly interface on a web link

(https://cqmuxss.shinyapps.io/dr_tjj/) to calculate the precise
A B

FIGURE 1

Features selection by LASSO. (A) LASSO coefficients profiles (y-axis) of the 26 features. The upper x-axis is the average numbers of predictors
and the lower x-axis is the log(l). (B) 10-fold cross-validation for tuning parameter selection in the LASSO model.
TABLE 2 Continued

Variables Total (N=2610) DR group (N=455) Non-DR group (N=2155) P value

TG (IQR, mmol/l) 1.55 (1.06,2.38) 1.49 (1.03,2.20) 1.56 (1.07,2.42) 0.087

LDL-C (IQR, mmol/L) 2.56 (1.97,3.19) 2.29 (1.77,2.90) 2.61 (2.00,3.25) <0.001

Cr (IQR, umol/l) 63.40 (51.70,79.20) 66.20 (52.60,84.25) 63.00 (51.40,78.15) 0.009

URAC (IQR, umol/l) 315.25 (255.78,381.33) 323.80 (264.95,387.65) 313.40 (254.45,379.30) 0.056

Alb (IQR,g/L) 41.10 (38.10,43.90) 40.30 (37.60,43.00) 41.20 (38.30,44.10) <0.001

HbA1c (IQR, %) 8.90 (7.40,11.10) 8.50 (7.30,10.50) 9.00 (7.40,11.20) 0.008

FBG (IQR, mmol/l) 9.61 (6.81,14.30) 9.07 (6.62,13.29) 9.77 (6.85,14.48) 0.026

eGFR (IQR, ml/min/1.73m2) 99.45 (79.74,116.89) 93.92 (75.60,107.16) 100.89 (81.91,118.77) <0.001

DR, diabetic retinopathy; CVD, cardiovascular disease; TZD, thiazolidinediones; AGI, alpha-glucosidase inhibitors; SU, sulfonylurea; DPP-4i, dipeptidyl peptidase-4 inhibitor; GLP-
1RAs, GLP-1 receptor agonists; Met, metformin; SGLT2-i, sodium-glucose cotransporter-2 inhibitors; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; NP, neutrophil percentage; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; LMR, lymphocyte to monocyte ratio; SII, systemic immune-inflammation
index; NPAR, neutrophil percentage-to-albumin ratio; TBIL, total bilirubin; ALP, alkaline phosphatase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; TC, total
cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; Cr, serum levels of creatinine; URAC, uric acid; Alb, albumin; HbA1c, glycated hemoglobin; FBG, fasting
blood glucose; eGFR, estimated glomerular filtration rate; IQR, interquartile range.
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probability of concomitant DR in patients with diabetes. For the

same example in Figure 2B, the likelihood of DR was 0.653 (95%

CI:0.579-0.721) when a patient had both hypertension and CAD

and the duration of diabetes was 30 years (Figure 2C).
4 Discussion

Wefound that 21.7%(455/2610)of patients had somedegree of

DR, and this percentage was in consistent with the report by Song

(8), who described an 18.7% prevalence in patients with a similar

duration and also from southwest China. Given that the current

study comprised a hospitalized-based population with relatively

severe conditions, including long-term diabetes (median duration,

9 years) and poor management of blood glucose (median

glycosylated hemoglobin, 8.9%) on admission, the high

prevalence of DR revealed by our data is not surprising.

Our study demonstrated that an easy-to-use diagnostic

model can identify underlying DR with a high NPV (97.7% on
Frontiers in Endocrinology 08
56
an external validation dataset), high specificity (94.1%), and

qualified sensitivity (57.1%). When the common predictors

(HbA1c, lipids, and SBP) proposed in previous studies were

considered, our original model’s output remained non-inferior

to that of complex equations with a greater number of

risk variables.

Previous studies reported that common risk factors for DR

included both duration of DM and age at visit (10, 11); however,

designing a prompt referral for DR screening should take into

account the length of DM as a crucial determinant (4, 13). A

longer duration may represent a longer period of hyperglycemia-

induced retinal toxicity, which is believed to be associated with

both vascular and neural retinal death. Recent studies have

shown that there is a significant interaction between the

patient’s age and the duration of DM, based on sensitivity

analysis (11). In contrast, age was observed to be a protective

factor for DR due to a state of low retinal perfusion in elderly

patients (19). A nationwide population-based cohort study also

showed a reduced prevalence of DR in individuals with diabetes
A B

C

FIGURE 2

Nomogram identifying retinopathy in patients with DM. (A) Risk nomogram for identifying retinopathy in patients with DM. (B) One patient from
our study is shown as an example (presented in red). (C) An example of Nomogram to identifying retinopathy in patients with DM Via a Link.
TABLE 3 Results of multivariate logistic regression model.

Variables b SE OR(95%CI) P value

Hypertension 0.969 0.116 2.635(2.099,3.308) <0.001

CVD 0.435 0.141 1.545(1.172,2.037) 0.002

Duration 0.070 0.007 1.073(1.058,1.087) <0.001

CVD: cardiovascular disease; SE: Standard Error; OR: odds ratio; CI: Confidence Interval.
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of less than 5 years duration, and regular screening had no

impact on detection rates among young patients (< 45 years)

(34). Patients with a younger age of onset have a longer duration

of diabetes, and there is an interaction between the patient’s age

at visit, age at onset, and duration of diabetes. Consequently,

studying the effect of one of these factors on DR requires

adjusting for the other two variables. Our findings suggest that

age was only subordinate in determining the prevalence of DR,

compared to the duration of diabetes, which was a

predominant predictor.

Earlier studies revealed that glycated hemoglobin (10, 11, 13,

15–17, 19) or glycemic variability (20, 21) could be predictors for

DR, but structured glycemic detection adherence was highly

correlated with social support (24). Local experience-based

studies from China, India, and Brazil have indicated that the

routine use of SMBG was frequently challenging, mainly because

of the out-of-pocket expenditures associated with glucose
Frontiers in Endocrinology 09
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monitoring (35). In comparison to our simple model,

mandatory inclusion of hemoglobin A1c did not substantially

increase the AUROC. A previous study suggested that glucose

variability was linked to the development and progression of DR

(20), but no significant relationships were found after adjusting

for hemoglobin A1c (36), making this association less relevant.

Glycemic records from continuous glucose monitoring systems

were not collected in our study, as this novel technology is not

available in most cases with limited medical resources.

The relationship between elevated blood lipid profiles and

DR development of DR was complex. Previous studies on the

correlation between conventional serum lipid levels (TG, TC,

HDL-C, and LDL-C) and DR have shown conflicting results (10,

13, 19, 37). Similarly, the current focus on the role of lipoprotein

(a) in the pathogenesis of DR remains controversial (38, 39).A

recent study focused on the relat ionship between
FIGURE 3

AUROC in training set.

FIGURE 4

Calibration curve of the DR incidence risk nomogram prediction
in training set.
TABLE 4 Detailed performance metrics for the three datasets.

Models AUC Sensitivity Specificity PPV NPV

(95%CI) (95%CI) (95%CI) (95%CI) (95%CI)

Training set 0.722 0.571 0.741 0.317 0.891

0.696-0.748 0.526-0.617 0.722-0.79 0.286-0.349 0.877-0.906

Internal validation set 0.712 0.509 0.806 0.319 0.902

0.670-0.754 0.434-0.584 0.781-0.831 0.263-0.374 0.882-0.922

External validation set 0.703 0.571 0.941 0.333 0.977

0.553-0.853 0.360-0.783 0.919-0.964 0.179-0.487 0.962-0.992

AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value; CI, Confidence Interval.
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apolipoproteins and DR (40); however, these novel laboratory

parameters have not yet been widely used in clinical practice.

Our data support previous evidence that customary serum lipid

levels were not strongly or consistently related to DR.

Traditional lipid measures are unstable laboratory markers,

and their serum levels are significantly altered by diets and

lipid-lowering agents, which might be a possible explanation for

this finding.

Increased blood pressure can lead to additional damage to

the retinal vessels by hyperperfusion, shearing forces, and

increased edema formation. Hypertension, mainly SBP, was

previously identified as the most common modifiable risk

factor for DR (4, 16); however, these variables did not present

a steady correlation in other studies (13, 19). The association

between poorly controlled hypertension and DR has not recently
Frontiers in Endocrinology 10
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been observed in the Chinese population compared to this

relationship in Malays and Indians (41). SBP was found to be

a risk factor for DR in univariate analysis but was not included in

the LASSO model in our study. A cross tabulation was created to

assess whether antihypertensive drugs affected DR onset, with

the chi-square test result revealing the independent of the two

variables (P = 0.361, Supplementary Table S2), even though SBP

was slightly lower in the medicated group than in the non-

medicated group (141mmHg and 146mmHg, respectively, P =

0.026). Extensive background treatment with antihypertensive

drugs in diabetic patients (86.4%, 868/1005, Supplementary

Table S2) may remarkably alter blood pressure values within a

single visit. On the other hand, SBP was 132mmHg, 135mmHg,

138mmHg in the short-duration (< 5 years), medium-duration

(5-10 years), and long-duration (≥10 years) group, respectively
TABLE 5 Model performance statistics in training dataset.

Models AUC Sensitivity Specificity PPV NPV P value

(95%CI) (95%CI) (95%CI) (95%CI) (95%CI)

Model 0.722 0.571 0.741 0.317 0.891 /

0.696-0.748 0.526-0.617 0.722-0.790 0.286-0.349 0.877-0.906

Model+SBP 0.723 0.670 0.643 0.284 0.902 0.605

0.698-0.749 0.627-0.714 0.622-0.663 0.257-0.311 0.887-0.917

Model+LDL-C 0.726 0.765 0.557 0.267 0.918 0.247

0.700-0.752 0.726-0.804 0.536-0.578 0.243-0.291 0.903-0.933

Model+HbA1c 0.721 0.563 0.752 0.324 0.891 0.107

0.695-0.747 0.517-0.608 0.734-0.770 0.291-0.356 0.876-0.905

Model+SBP+HbA1c+LDL-C 0.726 0.776 0.550 0.267 0.921 0.286

0.700-0.752 0.738-0.814 0.529-0.571 0.243-0.291 0.906-0.936

SBP, systolic blood pressure; LDL-C, low-density lipoprotein cholesterol; HbA1c, glycated hemoglobin; AUC, area under the curve; PPV, positive predictive value; NPV, negative
predictive value; CI, Confidence Interval.
Symbol "/" means that "Model" is used as the reference object for AUC comparison.
fron
FIGURE 5

Decision curve analysis of the nomogram.

FIGURE 6

Clinical impact curve of the nomogram.
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(F=19.387, P < 0.001, Supplementary Table S3). Therefore, the

length of diabetes might be a potential confounding variable in

the SBP-DR correlation observed in univariate analysis, and

comorbid hypertension was identified as a predictor of

high importance.

Several studies have shown a correlation between DR and

CVD, but most have concluded that DR is a predictor of CVD

(42, 43). Multivariate logistic regression results based on the type

1 diabetes population revealed that patients with DR were more

likely to develop CVD (42). Similarly, diabetic retinal vascular

disease was recently found to predict CVD morbidity and

mortality in patients with type 2 diabetes (43). In addition,

according to univariate analysis, diabetic patients with a history

of CVD had a 60% greater chance of developing sight-

threatening DR than those without a history of CVD (11). Our

study results are in accordance with those of previous reports.

Although further research remains to be conducted to properly

comprehend the relationship between DR and CVD, our

findings confirmed the continuum of diabetic vascular disease,

showing that microangiopathy and macroangiopathy appeared

to be interrelated rather than distinct conditions. Another

important implication is that comorbid CVD may prompt

PHC to identify a subset of patients with diabetes for priority

eye examinations.

Some antidiabetic drugs are thought to be associated with an

increased risk of DR. TZD can cause fluid retention and

peripheral edema in patients with diabetes (5), and systematic

fluid retention may emerge as diabetic macular edema. However,

the ACCORD Eye Study group reported no consistent evidence

of DR progression in patients receiving TZD, suggesting that this

correlation requires further study (44). For GLP-1 RAs,

worsening of retinopathy has been considered a new potential

side effect of this treatment. An unexpected increase in

retinopathy was found in SUSTAIN-6, and a nonsignificantly

higher rate of DR was found in LEADER and REWIND (45).

However, poor outcomes, such as blindness or the need for

numerous procedures, which damage a person’s quality of life

and raise expenditures, were not adequately described, and

definitions of ocular events varied widely among these studies.

The first answer to these issues may come from a trial that is

currently underway (FOCUS trial; NCT03811561), which will

examine the long-term impact of semaglutide on diabetic eye

complications (up to 5 years). Data from our study showed that

TZD and DPP-4i were risk factors, whereas GLP-1 RAs were

protective factors in the univariate analysis. However, all of them

failed to enter the LASSO regression, not ruling out a false-positive

result due to the low usage rate of these three drugs (4.48%, 2.18%,

and 2.84%, respectively). AGI orMet alone cannot usually manage

blood glucose in diabetic patients with a median length of 9 years,

and positive results in univariate analysis could include the effect of

other drugs. The use of insulin tended to be highly correlated with

duration,whichmayexplainwhy the riskeffectwasnot found in the

LASSO regression.
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In 2020, the annual per capita disposable income of rural

households in China was approximately 17,132 yuan, which is

approximately one-third of the income of urban households

(25). Previous findings revealed that only 10% of DR patients

in rural China were properly diagnosed and treated, nearly

70% of DM subjects had never received an eye exam (46), and

over 70% of participants considered financial cost as the

leading barrier to routine retinal screening (47). Significant

variations in the development and severityofDRhavebeen found

in clinical studies of patients with DM, but the variations have not

been fully elucidated by known risk factors (23). Thus, it is

important to minimize the number of variables in diagnostic

tools as much as possible in medically underserved settings. The

population with limited access to ophthalmologic care may benefit

from our diagnostic model, which was developed based on

restricted medical resources and would not incur additional

expenditures. The easy-to-use web calculator will help PHC

practitioners quickly identify at-risk individuals for DR and make

prompt referrals.

The strengths of the current study include the use of a large

sample from multicenter electronic medical records of diabetic

individuals with or without DR. However, our study was subject

to some limitations. First, our study had a cross-sectional design.

Compared to cohort studies, cross-sectional studies provide

weaker evidence, and the interpretation of these findings

should be considered with caution. Second, the current dataset

had an incomplete recording of UACR with 58.74% missing

values and HbA1c with 14.6% missing values. We could not

account for the effect of albuminuria on DR, even though

multiple imputations were used to address missing HbA1c

values. Therefore, further studies with complete data for all

pertinent covariates would be useful. In addition, the efficacy of

our model for indetifying referral DR needs to be validated in

community patients, but this requires complete medical records

both in the community and the hospital. Finally, it is not clear

whether our findings based on patients with type 2 diabetes

(2584/2610) are applicable to patients with type 1 diabetes, while

few data on type 1 diabetes suggest that the retinal risk factors

were generally similar (16).
5 Conclusions

Our study suggests that a simple predictive model could

provide added value as an automated screening tool to triage

patients for priority retinal examination. Obtaining information

on the duration of diabetes, history of hypertension, and CVD

requires no additional medical costs and is convenient. Further

validation studies on the proposed model are required.

Moreover, this model cannot replace standard DR screening

but could be more reasonable as a timely warning tool, and a

more effective option is to promote a nationwide DR

examination program for all diabetic patients.
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Diabetic retinopathy risk in
patients with unhealthy lifestyle:
A Mendelian randomization study

Zixuan Su1†, Zhixin Wu2†, Xueqing Liang3, Meng Xie1, Jia Xie1,
Huiqing Li2, Xinghua Wang1* and Fagang Jiang1*

1Department of Ophthalmology, Union Hospital, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, China, 2Department of Endocrinology, Union Hospital, Tongji Medical
College, Huazhong University of Science and Technology, Wuhan, China, 3Department of Biostatistics,
School of Public Health, Southern Medical University, Guangzhou, China
Purpose: This study aimed to investigate the causal association between unhealthy

lifestyle factors and diabetic retinopathy (DR) risk and to determine better

interventions targeting these modifiable unhealthy factors.

Design: Two-sample Mendelian randomization (MR) analysis was performed in this

study. The inverse variance-weighted method was used as the primary method.

Method: Our study included 687 single-nucleotide polymorphisms associated

with unhealthy lifestyle factors as instrumental variables. Aggregated data on

individual-level genetic information were obtained from the corresponding

studies and consortia. A total of 292,622,3 cases and 739,241,18 variants from

four large consortia (MRC Integrative Epidemiology Unit [MRC-IEU], Genetic

Investigation of Anthropometric Traits [GIANT], GWAS & Sequencing Consortium

of Alcohol and Nicotine Use [GSCAN], and Neale Lab) were included.

Result: In the MR analysis, a higher body mass index (BMI) (odds ratio [OR], 95%

confidence interval [CI] = 1.42, 1.30–1.54; P < 0.001] and cigarettes per day (OR,

95% CI = 1.16, 1.05–1.28; P = 0.003) were genetically predicted to be causally

associated with an increased risk of DR, while patients with higher hip

circumference (HC) had a lower risk of DR (OR, 95% CI = 0.85, 0.76–0.95; P =

0.004). In the analysis of subtypes of DR, the results of BMI and HC were similar to

those of DR, whereas cigarettes per day were only related to proliferative DR (PDR)

(OR, 95% CI = 1.18, 1.04–1.33; P = 0.009). In the MR-PRESSO analysis, a higher

waist-to-hip ratio (WHR) was a risk factor for DR and PDR (OR, 95% CI = 1.24, 1.02–

1.50, P = 0.041; OR, 95% CI = 1.32, 1.01–1.73, P = 0.049) after removing the

outliers. Furthermore, no pleiotropy was observed in these exposures.

Conclusion: Our findings suggest that higher BMI, WHR, and smoking are likely to

be causal factors in the development of DR, whereas genetically higher HC is

associated with a lower risk of DR, providing insights into a better understanding of

the etiology and prevention of DR.

KEYWORDS

Mendelian randomization, diabetic retinopathy, unhealthy lifestyle factors, obesity,
smoking, alcohol intake
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1 Introduction

Diabetic retinopathy (DR), a common microvascular

complication of diabetes mellitus (DM), remains a leading cause of

acquired vision loss in adults of working age and is associated with an

increased risk of life-threatening systemic vascular complications (1).

Moreover, 35% of individuals with diabetes experience DR, and 10%

are in the stage of vision threatening (2). To confront the growing

threat,revealing the risk factors of DR is an essential part of

implementing interventions for prevention.

Considering unhealthy lifestyle a modifiable factor, mounting

observational epidemiological studies have focused on the association

between unhealthy lifestyle and DR. However, based on the current

studies, the results of some unhealthy lifestyle factors are

controversial and inconsistent (3–7). According to a meta-analysis

of prospective cohort studies, obesity was a risk factor for non-

proliferative DR (5). However, another meta-analysis failed to find

any correlation between obesity and DR risk (7). Regarding alcohol

intake, different meta-analyses also present controversial results.

Chen et al. demonstrated no significant association between alcohol

intake and DR (6) whereas Zhu et al. found protective effects in the

wine group (3). Due to potential methodological limitations in

observational studies, the causal association between such factors

and DR can be confused by reverse causality or ethnicity, sex, and age.

Mendelian randomization (MR) analysis utilizes genetic

predictors as instrumental variables (IVs) to investigate the causal

association between risk factors and diseases (8). Because genetic

variants are randomly distributed at conception, each IV is

considered an alternative to randomized controlled trials and can

avoid various bias commonly presented in traditional observational

studies (9). However, most previous MR studies have focused on

modified factors and diabetes, and we did not find any study concern

about unhealthy lifestyle factors and DR. In addition, the influence of

these factors on the different types of DR is uncertain. Thus, based on

publicly available data, we performed MR analysis to assess the causal

associations between unhealthy lifestyle factors (including smoking,

alcohol intake, and obesity) and the risk of DR, including its subtypes.

2 Materials and methods

2.1 Genetic variants associated with
unhealthy lifestyle

In this study, smoking, alcohol intake, and obesity were selected as

typical examples of unhealthy lifestyle habits. We selected body mass
Abbreviations: AGEs, advanced glycation end-products; BMI, body mass index;

BDR, background diabetic retinopathy; CI, confidence interval; DM, diabetes

mellitus; DR, diabetic retinopathy; GIANT, Genetic Investigation of

ANthropometric Traits; GWAS, genome-wide association studies; GSCAN,

GWAS & Sequencing Consortium of Alcohol and Nicotine use; HC, hip

circumference; IDF, International Diabetes Federation; IVs, instrumental

variables; IVW, inverse-variance weighted; LD, linkage disequilibrium; MR,

Mendelian randomization; MRC-IEU, MRC Integrative Epidemiology Unit; MR-

PRESSO, MR Pleiotropy Residual Sum and Outlier; NPDR, non-proliferative

diabetic retinopathy; OR, odds ratio; PDR, proliferative diabetic retinopathy;

SNPs, single-nucleotide polymorphisms; WC, waist circumference; WHR, waist-

to-hip ratio; WM, weighted median.
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index (BMI) (ukb-a-248), waist circumference (ieu-a-67), hip

circumference (HC, ieu-a-55), and waist-to-hip ratio (WHR, ieu-a-

79) as indicators of obesity. Single nucleotide variants (single-

nucleotide polymorphisms [SNPs]) for BMI were retrieved from the

Neale Lab consortium, and the rest were retrieved from a published

meta-analysis of genome-wide association studies (GWAS) datasets

summarized by Shungin (10) (datasets: ukb-a-248, ieu-a-79, ieu-a-55,

ieu-a-67). The SNPs for smoking were obtained from another

published meta-analysis of GWAS datasets summarized by Liu (11)

and the MRC Integrative Epidemiology Unit (MRC-IEU) consortium

(datasets: ieu-b-24, ieu-b-25, ukb-b-20261), including three

phenotypes measured by the heaviness of smoking: age of smoking

initiation, cigarettes per day, and ever smoked. For alcohol intake, we

selected the SNPs of alcoholic drinks per week and alcohol intake

frequency from a published meta-analysis of GWAS datasets

summarized by Liu (11) and the GWAS & Sequencing Consortium

of Alcohol and Nicotine use consortium (datasets: ieu-b-73, ukb-b-

5779). All SNPs associated with exposures that reached the GWAS

threshold of statistical significance (P < 5 × 10−8) were extracted as

IVs. To ensure that they were entirely independent, linkage

disequilibrium analysis was performed using a threshold of r2 <

0.001. Additionally, we extracted the summary data and effects of

each SNP and calculated the effect sizes and standard errors using the

MR-Base platform (12). Details of the data sources are provided

in Table 1.
2.2 GWAS summary data on
diabetic retinopathy

Published GWAS summary data on DR were retrieved from the

MRC-IEU (14,584 cases and 176,010 controls, European ancestry)

(https://gwas.mrcieu.ac.uk/) (13). To evaluate potential heterogeneity

in the causal effects, we further stratified the DR type for background

DR (BDR) and PDR. BDR is an early stage of DR known as non-PDR.

We used GWAS summary data of 2026 BDR cases and 8681 PDR

cases from the MRC-IEU with 204,208 common controls (Table 1).

For each selected SNP, we retrieved summary data (the effects on DR,

effect sizes, standard errors, and effect alleles) for the MRC-IEU using

the MR-Base platform (12, 14).
2.3 Statistical analyses

We used a two-sample MR approach to examine the potential

causal association between unhealthy lifestyle and DR incidence. The

MR method must satisfy three assumptions: (i) the IVs need to be

robustly related to the exposures; (ii) the instruments influence the

outcome only through the exposures of interest; and (iii) the IVs are

independent of any confounders of the exposure–outcome

association (Figure 1) (15). A flowchart of the statistical analyses is

shown in Figure 2.

In the MR analyses, the inverse-variance weighted (IVW) model

was the main method used in this study. The MR-Egger regression

and weighted median (WM) models were also used to test the

coherence of the causal estimates. The IVW method treated each

SNP as a valid natural experiment, assessing the causal effects of each
frontiersin.org
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SNP on the outcome, and used the outcome as weights for meta-

analysis to evaluate the combined causal effect. The IVW (fixed-effect)

method provides an unbiased estimate in the absence of horizontal

pleiotropy or when horizontal pleiotropy is balanced (16). If

heterogeneity was present, the multiplicative random-effects IVW

model was used and provided valid estimates under the assumption of

balanced pleiotropy (17, 18).

In sensitivity analyses, the MR-Egger-intercept test was used to

determine pleiotropy. We also applied the MR pleiotropy residual

sum and outlier (MR-PRESSO) method to identify outlying SNPs and

examine whether the causal effect would change after removing these

outliers (19). Cochran’s Q statistic was used to determine the

heterogeneity test between individual genetic variants (20). Leave-

one-out analysis was performed to evaluate whether MR estimates

were driven or biased by a single SNP and to calculate the meta-effect
Frontiers in Endocrinology 0364
of the remaining SNPs. The asymmetry in funnel plots may indicate

that the second assumption is violated by horizontal pleiotropy.

The results were shown as odds ratios (ORs) with their

corresponding 95% confidence intervals (CIs). Because we included

analyses of nine exposures with three outcomes, using a conservative

approach, a Bonferroni-corrected P value < 0.05 divided by 27 (i.e.,

1.852e–3) was considered a significant causal association to adjust for

multiple testing. A P-value between 0.05 and 1.852e–3 was considered

suggestive of a potential association. All statistical analyses were

performed in R (version 4.1.0) using the R package “Two sample

MR” (version 0.5.6) and “MR- PRESSO” (version 1.0) (12).
3 Results

3.1 Mendelian randomization analysis

3.1.1 Overview of the results
An overview of the MR analysis results is shown in Figure 3. More

specific results from the MR analyses are summarized in Figure 4,

Table 2, and Tables S2, S3. Detailed information on each SNP is

provided in Table S1.

3.1.2 Results of DR
The IVW method indicated an over 40% increased risk of DR

incidence per standard deviation (SD) increase in BMI (OR = 1.42;

95% CI, 1.30–1.54; P < 0.001*) and an approximately 20% increase in

the risk of cigarettes per day (OR = 1.16; 95% CI, 1.05–1.28; P =

0.003*). Interestingly, higher HC decreased 15% lower risk in DR

incidence per SD (OR = 0.85; 95% CI, 0.76–0.95; P = 0.004*). A forest

plot of SNPs associated with cigarettes per day, BMI, and HC is

presented in Figure S1. The results obtained using the WM method
FIGURE 1

Diagram of MR assumptions. i): represents the IVs need to be related
with the exposures robustly. ii): represents the IVs influence the
outcome only through the exposures of interest. iii): represents the IVs
are independent of any confounders of the exposure-outcome
relation. Arrows interpret the causal relationships among variables.
TABLE 1 Details of studies included in Mendelian randomization analyses.

Consortium Phenotype First
author

Sample
size Year Note

MRC-IEU

Diabetic retinopathy

NA

14,584

2021

https://gwas.mrcieu.ac.uk/datasets/finn-b-DM_RETINOPATHY_EXMORE/

Background diabetic
retinopathy

2,026 https://gwas.mrcieu.ac.uk/datasets/finn-b-DM_BCKGRND_RETINA/

Proliferative diabetic
retinopathy

8,681 https://gwas.mrcieu.ac.uk/datasets/finn-b-DM_RETINA_PROLIF/

GSCAN

Cigarettes per day

Liu M (11)

337,334

2019 https://www.nature.com/articles/s41588-018-0307-5Age Of Smoking Initiation 341,427

Alcoholic drinks per week 335,394

MRC-IEU
Ever smoked

Ben Elsworth
461,066

2018
https://gwas.mrcieu.ac.uk/datasets/ukb-b-20261/

Alcohol intake frequency 462,346 https://gwas.mrcieu.ac.uk/datasets/ukb-b-5779/

Neale Lab Body mass index Neale 336,107 2017
http://www.nealelab.is/blog/2017/9/11/details-and-considerations-of-the-uk-
biobank-gwas

GIANT

Waist-to-hip ratio

Shungin D
(10)

210,082

2015 https://www.nature.com/articles/nature14132Hip circumference 211,114

Waist circumference 231,353

MRC-IEU, MRC Integrative Epidemiology Unit; GSCAN, GWAS & Sequencing Consortium of Alcohol and Nicotine use; GIANT, Genetic Investigation of ANthropometric Traits.
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were similar to those obtained using the IVW method (Table 2). In

the MR-Egger model, BMI also showed a significant causal effect.

However, the MR-Egger model showed a consistent effect direction in

cigarettes per day, and HC was not statistically significant (Table 2).
Frontiers in Endocrinology 0465
We did not observe any association between alcohol intake and DR

(Figure 4). We further proceeded with Bonferroni correction, which

indicated significant causal effects between BMI and DR risk (P =

9.389e–16).
FIGURE 3

Overview of the main results of MR analyze. DR, diabetic retinopathy; BDR, background diabetic retinopathy; PDR, proliferative diabetic retinopathy;
IVW, inverse‐variance weighted (fixed-effect); IVW*, Inverse variance weighted (multiplicative random-effects); MR, Mendelian randomization; M-E, MR
Egger; W-M, weighted median; MR-PRESSO, MR Pleiotropy Residual Sum and Outlier. P-value < 1.852e-03 was regarded as a significant causal
association, the P-value between 0.05 and 1.852e-03 was considered suggestive of a potential association.
FIGURE 2

Flowchart of the statistical analyses, outlining the different analyses performed at each stage of the study. SNP, single-nucleotide polymorphism;
MR, Mendelian randomization; MRC-IEU, MRC Integrative Epidemiology Unit; IVW, inverse‐variance weighted.
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3.1.3 Results of DR subtypes
In DR subtypes, a genetically predicted higher BMI increased

the risk of BDR (OR = 1.59; 95% CI, 1.29–1.97; P < 0.001*) and

PDR (OR = 1.43; 95% CI, 1.29–1.59; P < 0.001*). In the WM

method and MR-Egger model, BMI also indicated an analogous

causal effect. Higher HC was a protective factor in BDR (OR =

0.72; 95% CI, 0.55–0.95; P = 0.022*) and PDR (OR = 0.85; 95% CI,

0.74–0.98; P = 0.026*). The result of cigarettes per day indicated
Frontiers in Endocrinology 0566
an increased risk of PDR (OR = 1.18; 95% CI, 1.04–1.33; P = 0.009*).

The forest plot of SNPs associated with the above exposures and

the risks of BDR and PDR are presented in Figure S2. The

HC in the BDR using the WM method was also significant.

The results of the MR-Egger model and other results of the

WM method are presented in Tables S2, S3. We did not

find causality in the other factors with BDR and PDR. After

Bonferroni correction, a higher BMI still had a significant causal
frontiersin.org
FIGURE 4

Forest plot of unhealthy lifestyle factors associated with the risk of DR and its subtypes.
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association with BDR and PDR risks (BDR, P = 1.687e–5; PDR,

P = 4.085e–11).

3.2 Sensitivity analyses

3.2.1 Sensitivity analyses of DR
We assessed heterogeneity using Cochran’s Q test and horizontal

pleiotropy from the MR-Egger regression analysis. There was no

evidence of directional pleiotropy using MR-Egger regression

(Table 3). Cochran’s Q test for BMI was statistically significant (P <
Frontiers in Endocrinology 0667
0.05). Hence, we used a multiplicative random-effects model to re-

estimate the MR effect of BMI. The results showed a causal association

and positive correlation between BMI and DR risk (P = 4.24e–13*).
3.2.2 Sensitivity analyses of DR subtypes
In DR subtypes, the heterogeneity analysis showed a similar result

for BMI (P < 0.05). The results of multiplicative random effects

showed that BMI was a causal risk factor for BDR (P = 1.06e–04) and

PDR (P = 6.05e–09). Directional pleiotropy was found in alcohol
TABLE 2 Mendelian randomization estimates of the associations between unhealthy lifestyle and risk of DR.

Exposure IVW method (fixed-effect) MR-Egger Weighted median method

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

Smoking

Age Of Smoking Initiation 1.19(0.68,2.08) 0.546 0.43(0.04,5.00) 0.532 1.17(0.54,2.55) 0.691

Cigarettes per day 1.16(1.05,1.28) 0.003* 1.15(0.93,1.42) 0.221 1.20(1.04,1.38) 0.010*

Ever smoked 0.77(0.49,1.22) 0.267 0.24(0.02,2.73) 0.251 0.61(0.30,1.25) 0.177

Alcohol intake

Alcohol intake frequency 1.09(0.96,1.25) 0.182 0.73(0.43,1.23) 0.242 1.05(0.85,1.29) 0.681

Alcoholic drinks per week 0.96(0.7,1.32) 0.808 0.93(0.43,2.00) 0.854 0.92(0.56,1.50) 0.729

Obesity

Body mass index 1.42(1.3,1.54) <0.001* 1.65 (1.25,2.18) 0.0005* 1.40 (1.22,1.61) <0.001*

Waist circumference 0.92(0.8,1.06) 0.229 0.96(0.50,1.84) 0.904 0.93(0.76,1.15) 0.508

Hip circumference 0.85(0.76,0.95) 0.004* 0.94(0.62,1.43) 0.775 0.83(0.70,0.98) 0.033*

Waist-to-hip ratio 1.15(0.97,1.36) 0.115 0.99(0.36,2.70) 0.990 1.18(0.92,1.52) 0.192

IVW, inverse‐variance weighted; OR, odds ratio; CI, confidence interval.
f

TABLE 3 Sensitivity test of Mendelian randomization analyze of the associations between unhealthy lifestyle and risk of DR.

Exposure MR-Egger regression analysis Cochran’s Q test IVW method
(multiplicative random-effects)

Intercept P-value Q statistic P-value OR (95% CI) P-value

Smoke

Age Of Smoking Initiation 0.023 0.432 9.79 0.081 1.19(0.55,2.55) 0.659

Cigarettes per day 0.001 0.888 30.92 0.056 1.16(1.03,1.31) 0.013*

Ever smoked 0.008 0.335 92.89 0.079 0.77(0.46,1.28) 0.318

Alcohol intake

Alcohol intake frequency 0.010 0.112 147.44 <0.001* 1.09(0.92,1.30) 0.304

Alcoholic drinks per week 0.001 0.927 34.24 0.315 0.96(0.69,1.34) 0.814

Obesity

Body mass index -0.003 0.251 348.61 0.005* 1.42 (1.29,1.56) <0.001*

Waist circumference -0.001 0.886 66.64 0.289 0.92(0.79,1.06) 0.246

Hip circumference -0.003 0.622 72.67 0.390 0.85(0.76,0.95) 0.005*

Waist-to-hip ratio 0.004 0.776 52.13 0.024* 1.15(0.93,1.41) 0.197

IVW, inverse‐variance weighted; MR, Mendelian randomization.
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intake frequency in PDR (P = 0.024*) using MR-Egger regression. No

evidence of directional pleiotropy was found in the other exposures

(Tables S4, S5).

3.2.3 MR-PRESSO analysis
We applied MR-PRESSO to recognize outlying SNPs that might

cause horizontal pleiotropy effects. Several outliers were identified

during the MR-PRESSO analysis. After removing these outliers, we

found that a higher WHR indicated a higher risk of DR (OR = 1.24;

95% CI, 1.02–1.50; P = 0.041) and PDR (OR = 1.32; 95% CI, 1.01–

1.73; P = 0.049). In the remaining cases, the results remained

consistent with the original results after the removal of these

outliers. The corrected results of the MR-PRESSO analysis are listed

in Table S6.
3.2.4 Leave-one-out analysis and funnel plot
The leave-one-out analysis suggested that the risk estimates of

cigarettes per day, BMI, and HC for DR, BDR, and PDR generally

remained consistent after eliminating each single SNP at a time

(Figures S3, S4, Table S7). In addition, the points were roughly

symmetrical on both sides of the vertical line in funnel plot, which

meant no horizontal pleiotropy in the SNPs for shown exposures

(Figures S5, S6).
4 Discussion

The present study demonstrated a causal association among

cigarettes per day, BMI, and WHR and an increased risk of DR,

whereas HC was found to have a lower risk of DR. In subgroup

analyses, we found that higher BMI increased the risk of all types of

DR, especially BDR. Cigarettes per day was only associated with PDR.

Additionally, HC decreased the risks of BDR and PDR. These results

were contrary to those of several previous conventional observational

studies (3–7). A possible explanation is that the small sample sizes and

confounders might interfere with the results of traditional

observational epidemiological studies. Here, MR analysis

demonstrated an unbiased estimation of whether certain risk

factors played a causal role in diseases, using data from published

large-scale GWAS data, which made our results more reliable

and convincing.

The mechanisms underlying the associations among cigarette

smoking, BMI, HC, WHR, and DR remain unclear. In smoking

patients, nicotine causes a vasoconstrictive effect. This reduces the

blood flow of the retina and makes it difficult for the retinal blood

vessels to autoregulate hyperoxia (21, 22). Additionally, smoking may

increase carboxyhemoglobin levels (23), thereby reducing the retinal

oxygen delivery and oxygen-carrying capacity of the blood. Moreover,

mainstream cigarette smoke contains certain components (24) that can

interact with plasma and extracellular matrix proteins. This leads to

the formation of covalent adducts similar to advanced glycation end

products (25, 26) and involved in diabetic end-organ complications.

For obesity, a higher BMI is often associated with dyslipidemia – a

disease that may be responsible for the development of DR (27).

Moreover, obese individuals with hyperleptinemia (28) are more
Frontiers in Endocrinology 0768
likely to have higher blood pressure and oxidative stress levels

which consequently, are possibly correlated with an increased risk

of DR. Additionally, higher levels of the vascular endothelial growth

factor found in obese individuals (29) were related to the pathogenesis

of PDR (30). For WHR, abdominal obesity played a role in insulin

resistance (31) and inflammation (32). Both of these have an

association with the pathogenesis of DR (33–35). For HC, the

protective effects of a higher HC might result from a larger muscle

mass in the gluteofemoral region (36). Different fat deposits exhibit

different metabolic properties; lower body fat could somewhat reverse

the impact of abdominal fat and protect against insulin resistance

(37). As suggested by previous research, for a certain amount of

abdominal fat, higher peripheral fat accumulation in the hips and

thighs might relate to a better metabolic state (38–42). Additionally, a

larger HC might reduce the risk of DR by the contribution of active

lipoprotein lipase and the low turnover of fatty acid in gluteofemoral

adipose tissues.

The present study has several strengths. First, very few studies

have comprehensively investigated the association between unhealthy

lifestyles and DR incidence. To the best of our knowledge, our study is

the first to investigate the potential causal association between

unhealthy lifestyles and the risk of DR employing the MR approach

and a large GWASs data. Second, due to the use of MR analysis, our

findings were less likely to cause confounding and reverse causality,

when compared to those of conventional observational studies. Third,

the accuracy of our findings might be higher as we applied analysis of

subtypes stratified by clinical classification to investigate the

consistency of the pooled effects. Finally, the sample overlap only

could account for up to 6.94%, and the exposure and outcome data

were obtained from different databases, thereby reducing the bias of

the estimate in the direction of observational association. These

strengths of MR analysis, as a result, might increase the reliability

of our findings.

However, certain limitations were found in our study. The SNPs

were obtained from five large European populations-based consortia,

which, therefore, might affect the generalization of our findings in

other populations and regions. Otherwise, our study only performed

MR analysis with summarized statistics. This could only allow us to

make a preliminary conclusion on the causal association between

unhealthy lifestyles and DR but fail to further investigate this

association in terms of age, sex, type of diabetes, and DR severity.

Additionally, it is hardly possible to remove all pleiotropy in our

studies, especially the correlated horizontal pleiotropy. Consequently,

some undetected confounders between exposures and outcomes may

bias our results. Therefore, our findings should be cautiously

interpreted and confirmed through further studies.

In conclusion, we demonstrate that smoking, BMI, and WHR are

risk factors for DR. For future studies, informed by the work reported

here, individual-level data and basic science approaches are required

to investigate the further mechanism underlying the association

between cigarette intake and obesity and DR development. In

addition, due to the contrary results of WHR and HC, more

emphasis should be placed on how different fat distributions relate

to DR, which can disclose the underlying association between obesity

and DR and strengthen the understanding of obesity. For clinical

practice and public health strategies, the present study highlights the
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importance of lifestyle management in patients with diabetes and

provides a reference for the future refined identification of high-risk

individuals for DR. Health education can be strengthened to suggest

avoiding unhealthy lifestyles. In addition, more frequent ocular

examinations may be essential in patients with diabetes with such

risk factors.
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Assessment of choroidal
structural changes in patients
with pre- and early-stage
clinical diabetic retinopathy
using wide-field SS-OCTA

Fabao Xu1,2,3†, Zhiwen Li1†, Xueying Yang1, Yang Gao2,3,4,
Zhiwei Li5, Guihua Li6, Shaopeng Wang6,
Xiaolin Ning2,3,4 and Jianqiao Li1,2,3*

1Department of Ophthalmology, Qilu Hospital, Shandong University, Jinan, China, 2Shandong Key
Laboratory: Magnetic Field-free Medicine & Functional Imaging, Jinan, China, 3Research Institute of
Shandong University: Magnetic Field-free Medicine & Functional Imaging, Jinan, China, 4School of
Physics, Beihang University, Beijing, China, 5Jinan Aier Eye Hospital, Jinan, China, 6Zibo Central
Hospital, Binzhou Medical University, Zibo, Shandong, China
Purpose: To investigate the micro-vascular changes in choroidal structures in

patients with pre- and early-stage clinical diabetic retinopathy (DR) using wide-

field Swept-Source Optical Coherence Tomography Angiography (SS-OCTA).

Method: This observational cross-sectional study included 131 eyes of 68

subjects that were divided into healthy controls (group 1, n = 46), pre-DR

(group 2, n = 43), early-stage DR (group 3, n = 42) cohorts. All participants that

underwent SS-OCTA examination were inpatients in the department of

Ophthalmology and the department of Endocrinology, Qilu Hospital,

Shandong University, and Department of Ophthalmology, Aier Eye Hospital,

Jinan, from July 11, 2021 to March 17, 2022. The choroidal vascularity index

(CVI), choroidal thickness (ChT) and central macular thickness (CMT) in the

whole area (diameter of 12 mm) and concentric rings with different ranges (0–

3, 3–6, 6–9, and 9–12mm) were recorded and analyzed from the OCTA image.

Result: Compared with healthy eyes, decreases in CVI and ChT were found in

the eyes of patients with pre-or early-stage DR. The changes were more

significant in the peripheral choroid, with the most prominent abnormalities in

the 9-12mm area (P < 0.001). However, there was no obvious difference in the

average CMT value. Furthermore, CVI and ChT were significantly correlated

with the duration of diabetes in the range of 6–9 and 9–12 mm (Ps < 0.05;

Correlation coefficient = -0.549, -0.395, respectively), with the strongest

correlation (Ps < 0.01; Correlation coefficient = -0.597, -0.413, respectively)

observed at 9–12 mm.
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Conclusion: The CVI and ChT values of diabetic patients are significantly lower

than in healthy controls, especially in patients with early-stage DR. In addition,

the peripheral choroidal capillaries are more susceptible to early DM-induced

injury than in the central area.
KEYWORDS

diabetes mellitus, diabetic retinopathy, wide-field optical coherence tomographic
angiography, choroidal vascular changes, choroidal vascularity index (CVI)
Introduction

Current evidence suggests that the annual prevalence of

diabetes mellitus (DM) has increased in recent years (1, 2).

According to the latest Diabetes Atlas (10th edition) released by

the International Diabetes Federation (IDF) in 2021, about 537

million adults aged 20-79 suffer from DM worldwide (https://

diabetesatlas.org/). Diabetic retinopathy (DR) is widely

acknowledged as one of DM ’s most serious ocular

complications and the most common cause of blindness (3–6).

Given the lack of obvious symptoms in early-stage disease,

patients are often diagnosed in the vision-threatening stage of

DR, when irreversible damage to visual acuity (VA) has already

occurred. Therefore, effective early screening and intervention

are essential to prevent severe vision loss secondary to DR. An

increasing body of evidence suggests that a sustained

hyperglycemic environment can cause vascular endothelial cell

dysfunction and narrowing of the choroidal and retinal

capillaries (7, 8). As the permeability of the inner retinal blood

barrier increases, retinal exudates hemorrhage and edema occur,

leading to irreversible damage to the retinal photoreceptors (9,

10). There are reportedly no retinal capillaries in the fovea within

a diameter of 0.5 mm, and the choroidal circulation is the only

blood supply for this area. In addition, the ellipsoid zone of the

outer retina is supplied by choroidal circulation (11–13).

Accordingly, the assessment of choroidal capillaries parameters

can potentially detect retinal damage in early-stage disease and

reveal the pathological mechanism of DR. Since Saracco and

colleagues first put forward the conception of diabetic

choroidopathy in 1982, clinical studies on choroids have

constantly been emerging, and our understanding of diabetic

choroidopathy has gradually deepened (14–16). As a new

biological measurement tool, the choroidal vascularity index

(CVI) has been documented to provide a more stable and

objective assessment of choroidal conditions by measuring the

ratio of the choroidal vessels to tissue composition (17). Current

evidence suggests that CVI and choroidal thickness (ChT)

enable quantitative analysis of the morphological and

structural changes of choroidal circulation abnormalities and
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can be used as early assessment indicators for many

chorioretinal diseases (8, 18, 19).

Optical coherence tomographic angiography (OCTA) can

effectively assist in investigating the quantitative characteristics

of changes in choroidal microvascular circulation and is the

main imaging modality for the early detection and evaluation of

diabetic choroidopathy (20–22). Given that the traditional

OCTA (3 mm × 3 mm or 6 mm ×6 mm) has a limited visual

field, the pathological features of the peripheral retina of DM

patients cannot be obtained (22–24). Wide-field swept source

(SS)-OCTA represents a new non-invasive instrument suitable

for various follow-up applications. Importantly, with a scanning

scope enlarged to 12×12 mm, wide-field SS-OCTA enables more

comprehensive observation of diseases (25, 26). In this study, we

sought to measure CVI and the thickness of the retina and

choroid with wide-field SS-OCTA to better understand vascular

abnormalities in early-stage DM patients and promote the early

detection and treatment of diabetic retinopathy.
Methods

This retrospectiveobservational studywas conducted asper the

tenets of the Declaration of Helsinki and approved by the Medical

Research and Ethics Committee of Qilu Hospital and Shierming

Hospital. Written informed consent was obtained from subjects

after explaining the purpose of the study and informing themof the

details and any potential risks involved in the study. The study

included 46 eyes of healthy controls and 85 eyes of patients with

DM.All subjectswere treated in theDepartmentofOphthalmology

and Department of endocrinology, Qilu Hospital, Shandong

University, and Department of Ophthalmology, Aier Eye

Hospital, Jinan, from July 11, 2021 to March 17, 2022.

In this study, we first shortlisted patients with type 2 DM and

the healthy control group subjects were matched for age, gender

and refractive error distribution. Subjects were divided into the

following three groups according to ophthalmoscopy and fundus

photography (Patients were grouped according to the eye with

moreadvanced lesions):Group1, healthy subjectswithoutdiabetes;
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Group2, pre-DRpatients (Diabetes patientswithoutDR);Group3,

diabetic patients with early-stage DR (DR patients with only

microaneurysm). The exclusion criteria were as follows: (1) age ≥

18 years old; (2) Subjects with serious systemic diseases (tumor,

stroke, dementia, etc.); (3) Subjects with diabetic macular edema;

(4) History of ocular trauma and other vitreoretinal surgery; (5)

Subjects with glaucoma, high myopia (spherical equivalent >=

−6.00D), and other ocular conditions that may affect the

choroidal and retinal capillaries; (6) Ocular media opacity; (7)

Images of low quality (quality index < 6).

The three groups of subjects underwent standardized

examinations. Ophthalmic examinations included best-

corrected visual acuity (BCVA) and slit lamp bio-microscopy.

Demographic data of age, gender, and duration were recorded

for all participants. The fasting venous blood samples from all

participants were analyzed for biochemical testing of serum

glycated hemoglobin (HbA1C).

For OCTA examination, all patients were imaged using a

commercial wide-field instrument (VG200, SVision Imaging,

Ltd., Luoyang, China) with a 1,050 nm wavelength sweeping

laser. All examinations were performed by an experienced

ophthalmologist. The SS-OCTA scan was executed with a

scanning speed of 200,000 A-scans per second and a wavelength-

sweeping laser with a central wavelength of 1050nm. The axial

resolution was 5 mm, the lateral resolution was 15 mm, and the scan

depth was 3 mm. This equipment possessed eye-tracking

technology involving an integrated confocal scanning laser

ophthalmoscope to reduce eye-motion artifacts. Choroidal and

retinal parameters acquired from wide-field SS-OCTA (including

CVI, CT and CMT) were separately calculated in each annular

region with built-in software of VG200, SVision Imaging (version

1.32.9.). We measured and automatically calculated the total

choroidal area (TCA) and luminal area (LA) of the subjects

under the calibration of a retinal specialist (Jianqiao Li).

Choroidal vascular index (CVI) is defined as the ratio or

proportion of the LA within the TCA (Shown in Figure 1), the

ChT is defined as the vertical distance between the outer margin of

theRPE-Bruch’s complex to the inner border of the choroidoscleral

junction, and theCMTis defined as themeandistance in the central

12000-mmdiameter area between the vitreoretinal interface and the

outer margin of the RPE-Bruch’s complex. Besides, we also

calculated the differentials of capillaries between different

retinochoroid zones and the whole area (the values were

calculated as Circlex-y - average values, and the mean values of

each group were shown in Table 1). All measurements were

performed by the same ophthalmologist.
Statistical analysis

All statistical analyses in this study were conducted using

SPSS software (version 19.0 SPSS, Inc, Chicago, IL, USA). The

Kolmogorov-Smirnov test was used for normality testing.
Frontiers in Endocrinology 03
73
Normally-distributed variables were expressed as the mean

and standard deviation (SD), and non-parametric variables as

the median and interquartile range (IQR). A paired-sample t-test

was used to compare the number of patients enrolled, mean ages,

durations, VA, Glucose, and Hemoglobin A1C between DM

patients and healthy controls. Differences between the healthy

controls, pre-DR, and early-stage DR groups were evaluated by

generalized estimating equations (GEEs) for binocular data. The

correlations between duration and choroidal characteristics were

also calculated. A P-value < 0.05 was statistically significant.
Results

General clinical characteristics

A total of 131 eyes from 68 patients were included in the

study, with no significant difference in age, sex composition or

BCVA among groups (Ps> 0.05). Significant differences were

found between the pre-and early-stage DR groups in the

duration of DM (9.02 ± 6.09 vs. 27.09 ± 13.51 (months)),

blood glucose (9.05 ± 7.34 vs. 9.61 ± 8.47 (mmol/L)), and

glycated hemoglobin (6.31 ± 4.25 vs. 8.62 ± 3.49 (%) (Table 1).
Characteristics of the choroid

The choroidal parameter values in each zone for the three

groups are shown in Table 2 and Figure 2. Although themean CVI

was lower in patients with pre- and early-stage DR than in healthy

controls, a significant difference was only found for patients with

early-stage DR (p = 0.013). During subgroup analyses, after

stratifying by region, the differences in CVI values in the 9–12

mmrange between the pre-DRgroup and the early-stageDRgroup

decreased significantly compared to the control group (p = 0.016, p

< 0.001, respectively). Moreover, ChT values were significantly

reduced in thepre-DRgroupand the early-stageDRgroup in the 0–

3mm (p = 0.016, p = 0.002, respectively) and 9–12mm ranges (p =

0.016,p=0.002, respectively) and the early-stageDRgroup in the6-

9 mm range (p = 0.015). In addition, no changes were observed in

any region except for a significant decrease inCMT in the 9–12mm

region of the early-stage DR group (p = 0.034).

The different parameters in different ranges and the whole area

are shown in Table 3 and Figure 3. Compared to each region of the

control group, the changes in CVI values were significantly

increased in the 0–3 mm, 6–9 mm, and 9–12 mm regions of the

pre-DR patients (p = 0.008, p = 0.027, p = 0.032, respectively), and

the CVI values were significantly increased in early-stage DR

patients in the 0–3 mm and 9–12 mm regions(p = 0.007, p =

0.03, respectively). Besides, the ChT of early-stage DR patients was

significantly decreased compared with healthy subjects in 3–6 mm

and9–12mmzones (p=0.042,p<0.001, respectively).Finally,only

the CMT in the 9–12 mm zone in the early-stage DR group
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decreased significantly comparedwith the healthy control group (p

= 0.014).

The results of correlation analysis between the duration of DM

and choroidal parameters are shown in Table 4. The disease duration

in patients with DM was negatively correlated with ChT (p = 0.047,

correlation coefficient= -0.395; p = 0.006, correlation coefficient=

-0.549, respectively) and CVI (p = 0.038, correlation coefficient=

-0.413; p = 0.004, correlation coefficient= -0.597, respectively) in 6–9

mmand9–12mmranges. Finally, themeanChTnegatively correlated

with disease duration (p = 0.032, correlation coefficient= -0.420).
Discussion

In this cross-sectional study, wide-field SS-OCTA

examinations were performed on three groups (healthy

subjects and patients with pre and early-stage DR). To
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investigate the early changes of choroidal vascular structure in

the hyperglycemia environment and to clarify the pathological

features of diabetic retinopathy, we assessed CVI, CMT, and

ChT of the retinal and choroidal capillaries based on a 12 ×

12 mm field of view, as well as the correlations between DM

duration and retinochoroid parameters. The CVI and ChT

values of DR patients were significantly lower than the healthy

control group, and the CVI and ChT values in peripheral areas

of DM patients decreased more significantly than those in

central regions. However, the CMT outside the 9-12 mm

range did not decrease significantly in most areas in DR patients.

Moreover, there was a significant decrease in CVI between

the two DM groups and the control group (p = 0.035),

suggesting that the choroidal perfusion might decrease in DM

patients even before the onset of macroscopic retinochoroid

lesions. Tan et al. reported that the CVI of the DM group was

significantly lower than the control group, while the CVI of the
FIGURE 1

Examples of quantitative measurements of CVI using Wide-field OCTA in patients with early-stage DR (C, C'), diabetes mellitus without DR (B, B')
and normal control subjects (A, A'). The left column consists of en face infrared (12 ×12 mm) images. The right column represent the optical
coherence tomography of the retina and choroid across the fovea, yellow marks represent the choroidal lumen, and the blue lines indicate the
upper and lower bounds of the choroid. CVI, choroidal vascularity index; OCTA, optical coherence tomographic angiography.
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DR group was lower than the non-DR group, indicating that

the choroidal capillaries in diabetic patients decreased

significantly (27), consistent with the present study findings.

Another study by Foo, V. H. et al. substantiated that the CVI of

Haller’s layer in the eyes of pre-DR patients was significantly
Frontiers in Endocrinology 05
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lower than in healthy controls, suggesting that early diabetic

choroidal damages could affect larger choroidal capillaries

much earlier (28). Unlike the past studies, the scanning range

of wide-field SS-OCTA was expanded to 12 × 12mm with the

fovea of the macula as the center in the present study, which
TABLE 1 Comparison of different retinal and choroidal zones' capillaries changes (Circlex-y - Average ChT, CVI and CMT) in patients with early-
stage diabetic retinopathy, DM without DR and non-diabetic individuals from the control group.

Location Normal control DM without DR p values Early-stage DR P values

ChT Average thickness 287.48 ± 73.67 281.49 ± 50.65 N/A 270.41 ± 86.42 N/A

Circle 0-3 38.16 ± 23.16 35.21 ± 25.18 p = 0.751 39.05 ± 30.05 p = 0.862

Circle 3-6 26.47 ± 25.61 22.34 ± 23.82 p = 0.659 35.01 ± 31.28 p = 0.042*

Circle 6-9 3.32 ± 20.45 -3.62 ± 22.09 p = 0.264 -5.68 ± 28.31 p = 0.083

Circle 9-12 -20.21 ± 22.08 -26.30 ± 28.57 p = 0.182 -34.89 ± 27.65 p < 0.001*

CVI Average CVI 0.292 ± 0.068 0.271 ± 0.064 N/A 0.240 ± 0.059 N/A

Circle 0-3 0.052 ± 0.064 0.068 ± 0.071 p = 0.008* 0.069 ± 0.065 p = 0.007*

Circle 3-6 0.028 ± 0.055 0.031 ± 0.059 p = 0.530 0.029 ± 0.059 p = 0.865

Circle 6-9 -0.007 ± 0.061 0.006 ± 0.058 p = 0.027* -0.009 ± 0.068 p = 0.721

Circle 9-12 -0.019 ± 0.065 -0.031 ± 0.074 p = 0.032* -0.038 ± 0.051 p = 0.003*

CMT Average thickness 264.32 ± 9.45 261.09 ± 13.92 N/A 262.34 ± 10.56 N/A

Circle 0-3 57.32 ± 11.59 52.08 ± 13.87 p = 0.772 59.66 ± 14.94 p = 0.914

Circle 3-6 32.08 ± 12.07 28.04 ± 14.84 p = 0.801 26.47 ± 13.78 p = 0.710

Circle 6-9 4.28 ± 11.67 2.51 ± 12.76 p = 0.482 2.69 ± 17.05 p = 0.517

Circle 9-12 -9.88 ± 11.20 -11.29 ± 13.27 p = 0.207 -18.64 ± 19.57 p = 0.014*
fro
Values were calculated as Circlex-y - average values and shown as means ± SDs (). DM, diabetes mellitus; DR, diabetic retinopathy; ChT, Choroidal thickness; CVI, Choroidal Vascularity
Index; CMT, central macular thickness. Statistical differences were analyzed between the groups of patients with DM and the normal control, p < 0.05 indicates a statistically significant
difference, annotated with *. NA, not applicable.
TABLE 2 Demographic data of DM patients and healthy controls.

Normal control DM without DR p values Early-stage DR P values

Patients (Female) 23 (12) 22 (12) 0.961 23(11) 1.000

Age 55.25 ± 9.65 57.34 ± 10.14 0.812 56.08 ± 12.07 0.873

Eyes 46 43 0.818 42 0.780

Duration of DM (months) N/A 9.02 ± 6.09 N/A 27.09 ± 13.51 N/A

Spherical equivalent (diopters) +0.67 ± 0.39 +0.52 ± 0.43 0.783 +0.58 ± 0.46 0.826

VA (letters) 82.09 ± 3.05 82.24 ± 2.02 0.971 82.43 ± 2.07 0.964

GLU (mmol/L) N/A 9.05 ± 7.34 N/A 9.61 ± 8.47 N/A

HbA1c (%) N/A 6.31 ± 4.25 N/A 8.62 ± 3.49 N/A
Values are presented as the means ± standard deviations at baseline in different groups. DM, diabetes mellitus; DR, diabetic retinopathy; VA, Visual acuity; in Early Treatment Diabetic
Retinopathy Study (ETDRS) units; GLU, Glucose; HbA1c, Hemoglobin A1C. Statistical differences were analyzed between the patients with DM and the normal control, p < 0.05 indicates
statistically significant difference. NA, not applicable.
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enables observation of the microcirculation of the peripheral

retinochoroid capillaries.

To further explore the structural changes of choroidal

capillaries in different areas, the wide-field OCTA images of

the three groups were divided into four concentric circles
Frontiers in Endocrinology 06
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according to the distance from the fovea. The decreases in

CVI values within the 9–12 mm circle region were most

significant in four concentric circles of the early-stage DR and

pre-DR groups, suggesting that the choroidal circulation of

peripheral retinochoroid areas was more sensitive to blood
FIGURE 2

ChT, CVI and CMT comparison of patients with early-stage DR, diabetes mellitus without ophthalmoscopic signs of DR and normal control
subjects of the control group. * indicates a statistically significant difference (p < 0.05).
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glucose changes than the central areas. It is reasonable to

speculate that disease progression may begin in peripheral

areas, and the choroidal capillaries may be the most seriously

affected area. Indeed, the scanning range of OCTA devices was

limited to 6 × 6mm in most previous studies, and the wide-field

OCTA adopted in our study makes up SS-OCTA makes up for

the narrow visual field of traditional OCTA.

An increasing body of evidence suggests that ChT can

quantify the structural changes of the choroid. Nonetheless, no

consensus has been reached on the changes in ChT in DM

patients (29, 30). Querques, G. et al. indicated that ChT of DR

patients might decrease (31); however, Kim, J.T. et al. found that

the choroidal thickness decreased in the early stages of DR but

increased in the stage of severe NPDR or PDR (32). DM is a

metabolic disease affecting the retinal and choroidal vasculature.

Although the principal changes in diabetic eyes occur in the

retinal vasculature, additional changes have been paid more and

more attention in recent years. Histologic studies showed

increased tortuosity, and the formation of sinuslike structures

between the choroidal lobules, what’s more, in some advanced

cases, luminal narrowing of the capillaries, capillary dropout,

and focal scarring were also observed (33). In our study, the ChT
Frontiers in Endocrinology 07
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between the DR group in the range of 0–3/6–9/9–12 mm

decreased significantly (P<0.05) compared with the control

group. In addition, the decrease in ChT was more significant

in the peripheral area. However, there was no significant

difference in CMT between DM patients without DR and

healthy control, while only a slight decrease was observed in

the peripheral areas of early-stage DR patients. However, the

positive result was somewhat accidental in the analysis of CMT.

Although there was no significant change in retinal thickness,

the choroidal thickness decreased significantly. It can be

concluded that CMT is insensitive in the early stage of DR

and poorly reflects early damage to the retinal capillaries.

Accordingly, choroidal parameters may be more sensitive

indicators for patients with pre- and early-stage DR.

In addition, correlation analysis between CVI, ChT and the

duration of DR showed a significant negative correlation

between CVI and ChT at 6–9 mm and 9–12mm (P<0.05), and

a significant correlation was observed at 9–12 mm (P<0.01). A

longer DR duration was associated with lower choroidal CVI

and ChT values. During the early diagnosis of DR, peripheral

CVI and ChT can be used as evaluation indexes, indicating

choroidal damage in DM patients without visible pathological
TABLE 3 Optical coherence tomographical findings in patients with early-stage diabetic retinopathy, diabetes mellitus without DR and normal
control group.

Location Normal control DM without DR p values Early-stage DR p values

ChT Average thickness 287.48 ± 73.67 281.49 ± 50.65 p = 0.654 270.41 ± 86.42 p = 0.210

Circle 0-3 324.26 ± 92.07 316.25 ± 71.63 p = 0.016* 312.35 ± 120.31 p = 0.002*

Circle 3-6 313.27 ± 84.78 306.83 ± 62.24 p = 0.542 310.50 ± 107.11 p = 0.784

Circle 6-9 289.05 ± 77.48 276.24 ± 51.58 p = 0.461 264.28 ± 84.03 p = 0.015*

Circle 9-12 269.88 ± 65.64 245.37 ± 45.65 p = 0.008* 242.76 ± 75.93 p < 0.001*

CVI Average CVI 0.292 ± 0.068 0.271 ± 0.064 p = 0.178 0.240 ± 0.059 p = 0.013*

Circle 0-3 0.353 ± 0.120 0.334 ± 0.100 p = 0.097 0.307 ± 0.099 p = 0.020*

Circle 3-6 0.319 ± 0.081 0.298 ± 0.080 p = 0.086 0.261 ± 0.075 p = 0.008*

Circle 6-9 0.284 ± 0.063 0.275 ± 0.062 p = 0.310 0.230 ± 0.056 p = 0.007*

Circle 9-12 0.277 ± 0.065 0.238 ± 0.062 p = 0.016* 0.210 ± 0.060 p < 0.001*

CMT Average thickness 264.32 ± 9.45 261.09 ± 13.92 p = 0.863 262.34 ± 10.56 p = 0.716

Circle 0-3 324.03 ± 14.26 320.01 ± 14.56 p = 0.841 323.05 ± 12.16 p = 0.890

Circle 3-6 287.31 ± 11.28 283.17 ± 15.16 p = 0.806 284.64 ± 15.08 p = 0.773

Circle 6-9 265.95 ± 10.16 262.47 ± 12.05 p = 0.754 261.87 ± 17.29 p = 0.681

Circle 9-12 256.64 ± 10.08 243.12 ± 15.19 p = 0.069 240.08 ± 23.57 p = 0.034*
fro
Values are showed as means ± SDs. DM, diabetes mellitus; DR, diabetic retinopathy; ChT, Choroidal thickness; CVI, Choroidal Vascularity Index; CMT, central macular thickness.
Statistical differences were analyzed between the groups of patients with DM and the normal control, p < 0.05 indicates statistically significant difference, annotated with *.
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retina changes more sensitively. Therefore, wide-field SS-OCTA

is a more sensitive and effective tool to evaluate disease

progression in DM patients.

Some limitations and shortcomings were present in the

current research. First of all, the sample size was small. Indeed,

a larger sample size is required in future studies to obtain more

reliable and robust results. Besides, patients with proliferative
Frontiers in Endocrinology 08
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DR should be enrolled to study the relationship between CVI

changes and the different stages ofDR.Moreover, the cross-section

areas studied in the present studydonot enable dynamic evaluation

of the choroid changes with disease progression. Further

longitudinal prospective research is warranted to confirm current

results. Finally, hypertension and functional impairment are

common in patients with diabetes (34, 35), which may have an
FIGURE 3

ChT, CVI and CMT changes in different fundus zones (Circlex-y vs. Average density) in patients with early-stage DR, diabetes mellitus without
ophthalmoscopic signs of DR and non-diabetic subjects of the control group. * indicates a statistically significant difference (p < 0.05).
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impact on choroidal blood flow, but we did not make a detailed

analysis due to the lack of relevant data.

In conclusion, we comprehensively used wide-field SS-

OCTA to explore the character is t ics of choroidal

microcirculation structure in DM patients. The results showed

that CVI and ChT decreased significantly, especially in the

peripheral area (9-12 mm) in the pre-and early-stage DR

groups, which indicates that monitoring of choroidal

microcirculation parameters is essential for early diagnosis

of DR.
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Acute hyperglycemia
compromises the responses
of choroidal vessels using
swept-source optical coherence
tomography during dark and
light adaptations

Zhiyang Lin1†, Huankai Yu1,2†, Ce Shi1, Hongling Chen1,
Guangqing Lin1, Meixiao Shen1,2* and Chenxiao Wang1*

1Eye Hospital and School of Ophthalmology and Optometry, Wenzhou Medical University,
Wenzhou, China, 2Oujiang Laboratory (Zhejiang Lab for Regenerative Medicine, Vision and Brain
Health), Eye Hospital, Wenzhou Medical University, Wenzhou, Zhejiang, China
Purpose: To clarify the effects of acute hyperglycemia on the responses of

choroidal structural components and vascularity index during light modulation in

healthy participants using techniques including image binarization and artificial

intelligence (AI) segmentation based on swept-source optical coherence

tomography (SS-OCT).

Methods: Twenty-four eyes of 24 healthy participants were imaged at different

stages after ambient light, 40 min of dark adaptation, and 5 min of light adaptation

in two imaging sessions: control and after receiving 75 g of oral glucose solution.

The choroidal structural parameters, including luminal volume (LV), stromal

volume (SV), total choroidal volume (TCV), and choroidal vascularity index (CVI)

within a 6 mm area were determined using a custom algorithm based on image

binarization and AI segmentation of SS-OCT. These measurements were

compared among the conditions after adjusting for axial length, age to identify

the differences.

Results: In the dark, CVI decreased (-0.36 ± 0.09%) significantly in acute

hyperglycemia compared to the control condition. During the transition to

ambient light, there was an increasing trend in the choroidal parameters

compared with the control experiment. However, only TCV (0.38 ± 0.17 mm3)

and LV (0.27 ± 0.10 mm3) showed a significant increase at the time point of 5 min

after ambient light.

Conclusion: Analysis of choroidal structural parameters and CVI based on SS-OCT

images is a potentially powerful method to objectively reflect subtle changes

in neurovascular coupling between the choroid and photoreceptor during

dark adaptation.

KEYWORDS

hyperglycemia, choroid, choroidal vascularity index (CVI), swept-source optical
coherence tomography (SSOCT), dark and light adaptation
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Introduction

Rod and cone photoreceptor cells are the most prevalent cells in

the retina, and their highest oxygen demand occurs in the dark (1, 2).

Accumulating evidence suggests that hyperglycemia is associated with

suppression of photoreceptor metabolism and increased

consumption of oxygen and glucose (3). As the major blood supply

system for photoreceptor cells, the vascular responses of the choroid

may be compromised while modulating light adaptation and glucose.

A confocal laser Doppler flowmeter study demonstrated decreased

choroidal blood flow during dark adaptation in normal human eyes

(4). Fuchsjäger-Mayrl et al. also found that choroidal blood flow

decreased during dark adaptation and increased during light

adaptation (5). Using OCT, Alagoz et al. showed that subfoveal

choroidal thickness increased during dark adaptation and decreased

during light adaptation (6).In addition, Kwan et al. found that

hyperglycemia leads to a complete reversal of dark/light adaptation

trends in the vessel density of the inner retinal capillary plexus (7).

However, it is unclear whether acute hyperglycemia affects any of the

choroidal changes that occur during dark adaptation and transition to

light. Determining the effects of acute hyperglycemia on the choroid

may improve our understanding of the mechanisms of retinal

diseases, including diabetic retinopathy (DR), and help identify

novel biomarkers for early diagnosis and treatment.

The advent of SS-OCT allows for more precise, non-invasive

imaging of the choroid in vivo than SD-OCT (8, 9). The techniques

used in the previous studies assess only changes in the choroidal

thickness, which includes both lumina and stroma, and it is not clear

whether the change is caused by LA or SA. Furthermore, it lacks

repeatability, and changes in refractive errors vary significantly with

age, sex, and axial length (10). Agrawal et al. first proposed the Niblack

image binarization technique (10) to differentiate lumina and stroma

and defined the luminal area (LA), stromal area (SA), total choriodal

area (TCA), and choroidal vascularity index (CVI) as quantitative

parameters to assess choroidal structures through EDI-OCT scans (10).

This method has been validated with good reproducibility and also

applied in research in many diseases, such as DR (11), central serous

chorioretinopathy (CSC) (12), age-related macular degeneration

(AMD) (13). Recently, our group developed an AI segmentation

combined with Niblack’s automatic local threshold to obtain choroid

volume parameters (14). Therefore, choroidal structural parameters,

including luminal volume (LV), stromal volume (SV), total choroidal

volume (TCV), and CVI, defined as the ratio of LV to TCV, may be

potential quantitative indicators for characterizing the choroidal

response while modulating light adaptation and blood glucose.

In this study, we sought to clarify the effects of acute

hyperglycemia on the responses of choroidal structural components

and the vascularity index during dark adaptation and transition to

ambient light in healthy participants using techniques such as image

binarization and AI segmentation based on SS-OCT.
Materials and methods

Twenty-four healthy young adults were recruited from the students

and work staff of theWenzhou Medical University. This prospective
Frontiers in Endocrinology 0282
cross-sectional study was conducted at the Affiliated Eye Hospital of the

Wenzhou Medical University. This study was conducted in accordance

with the tenets of the Declaration of Helsinki and approved by the

Ethics Committee ofWenzhouMedical University (Approval ID. 2022-

142-K-111-01). Written informed consent was obtained from all the

participants before the examination. Inclusion criteria: All the

participants underwent basic ophthalmic examinations performed by

experienced ophthalmologists (ZL and HY). The axial length (AL) was

measured using Lenstar LS 900 (Haag Streit, Koeniz, Switzerland).

BCVAwas determined using subjective refraction. All participants were

imaged during their working hours (from 8:00 AM to 12:00 AM), and

participants with a BCVA of 20/20 or better in the right eye were

recruited. The exclusion criteria were ocular diseases affecting best-

corrected visual acuity (BCVA) and retinal morphology, systematic

diseases, history of ocular surgery and trauma, and relevant

ocular treatment.
OCT image acquisition

Only the right eyes of the participants were imaged using SS-OCT

(VG200 S, SVision Imaging, Henan, China), as described in detail in

our previous studies (8, 9). Briefly, this SS-OCT device had a central

wavelength of 1050 nm, axial resolution of 6.3 mm, lateral resolution

of 13 mm, speed of 200,000 A-scans/s, and scan depth of 3 mm (8, 9).

For the acquisition of SS-OCT structural images, 18 radial scan lines

centered on the fovea were obtained. Each scan consisted of 2048 A-

lines, had an image width of 12 mm, and was performed at intervals of

10°. Every structural scan was repeated for 16 B-scans to reduce the

noise and improve the signal-to-noise ratio. Each layer of the retina

and choroid boundaries could be clearly visualized in a single SS-OCT

structural image. The total acquisition duration was approximately 3

seconds (Figure 1A).

All the images were visually checked by two experienced

ophthalmologists (ZL and HY), and only images with quality scores ≥

8 and without signs of extensive eye movement and image artifacts were

selected for further image analysis.
Imaging protocol

In the control experiment, all participants were instructed to look

at a distance for 10 min before the first SS-OCT scan. All the

participants underwent OCT imaging of the choroid at ambient

level. Subsequently, all the participants underwent dark adaptation

by staying in a completely dark room (0 cd/m2) and wearing a thick

eye patch over the right eye for 45 min (15). Each participant was

instructed to undergo OCT by moving the eye patch and scanning the

choroid around the macula. During imaging, the internal fixation

light in the SS-OCT system was turned off to ensure that the eye was

still dark adapted (16). The room light was turned on to ambient

levels (200 cd/m2), and participants were instructed to obtain choroid

SS-OCT images at three time points (30 s, 2 min, and 5

min) (Figure 2).

In the glucose experiment, baseline blood glucose levels were

measured at the same time the next day. Each participant was given

10 min to consume a standard 75 g oral glucose tolerance test solution
frontiersin.org
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(17). The participants then underwent dark adaptation and OCT

imaging, as described above, and the blood glucose level was

measured again after dark adaptation.

The same procedure was used in both the experiments. Before the

study, all subjects were instructed not to consume any alcohol (18) or

caffeinated drinks (19), refrain from performing workouts for 24

hours (20), and not to consume any food or drinks other than water

for 8 hours prior to the experiment.
Image analysis

A custom algorithm based on image binarization and AI

segmentation of SS-OCT (14) was used to obtain the choroidal

structural parameters and vascularity index, which has been

described in detail in our previous studies (9, 21). Briefly, the upper

and lower boundaries of the choroid were automatically detected

using an algorithm based on the deep learning network implemented

in MATLAB 2017a (Mathworks, Inc., Natick, MA, USA).

Subsequently, using the Niblack’s automatic local threshold

technique, the choroidal luminal area and stroma were divided (12,

22). Bennett’s formula was used to adjust the magnification of the
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OCT imaging system camera (23). Before the volumetric

measurements of the choroid, the foveal center was manually

marked by an experienced ophthalmologist (ZL), and the images

were flattened by the reflection of the retinal pigment epithelium to

reduce the image tilt angle, which affected the calculation of the

anatomical parameters of the choroid. After the reconstruction, the

LV, SV, and TCV in the range of 0 – 3 mm, 3 – 6 mm, 0 - 6 mm

around the macula were separated and the CVI was derived by

calculating the ratio of LV to TCV (Figures 1B–D).
Statistical analysis

All statistical tests were performed using the R software (version

4.1.1). The choroidal structural parameters were compared at each

time point in both the control and hyperglycemic conditions using

mixed-effects linear regression models to adjust for axial length, age.

The paired-samples T test was used to test the changes in choroidal

structural parameters after dark adaptation and transition to ambient

light. Statistical significance was set at P < 0.05. All choroidal

structural parameters and the vascularity index are presented as the

mean ± standard error.
FIGURE 2

A schematic of dark and light adaptation image acquisition. Images were acquired at baseline in ambient light, after 45 min of dark adaptation, and at
several time points (30 s, 2 min, 5 min) after transitioning from dark to ambient light in the control and hyperglycemia conditions. FG, finger blood sugar;
G, glucose.
FIGURE 1

Illustration of choroidal analysis. (A), scan range of choroid within 12 mm with 18 radial lines; (B), Raw images of the choroid; (C), Choroidal vascular and
stroma image is flattened; (D), Magnified Choroidal vascular and stroma imagein 6 mm.
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Results

Twenty-four right eyes from 24 healthy participants (9 men and

15 women) with a mean age of 25.29 ± 1.91 years were enrolled in this

study. At baseline in the control condition experiment, the mean TCV

was 26.08 ± 1.30 mm3. The mean luminal and stromal volumes were

15.34 ± 0.78 mm3 and 10.74 ± 0.54 mm3, respectively, which yielded a

mean CVI of 58.77 ± 0.29% (Table 1). There was no significant

difference in any measurement of the choroidal structural parameters

and CVI between the two experiments in the control condition and

hyperglycemia at baseline (all P > 0.05). Blood sugar levels increased

significantly after consumption of the glucose solution (P < 0.001) in

the hyperglycemia experiment. The basic information of the enrolled

participants was shown in (Table 1).

After adjusting for axial length, age, we compared the parameters

of the structural choroid in hyperglycemia to those in control

conditions. After dark adaptation in the control condition, there

was a decreasing trend in the choroidal structural parameters,

including LV, SV, and TCV, and an increasing trend of CVI

compared to the baseline; in the hyperglycemia condition, all

choroidal structural parameters and CVI showed a tendency to

decrease (Figure 3). However, only the difference in CVI from light

to dark adaptation reached significance between the hyperglycemic

and control conditions (P < 0.001, Figure 3, Table 2).

With the transition to ambient light, hyperglycemia causes an

increase in LV, SV, TCV, and CVI. In the control condition, there was

no significant change in any of the choroidal structural parameters

and CVI, although it appeared that there was a decreasing trend in the

volumes of stroma and lumina, and total choroid described by LV,

SV, and TCV at the time point of 5 min of ambient light. In

hyperglycemia, LV, SV, TCV, and CVI increased compared to

those in the dark. However, only the differences in LV (P = 0.013,

Figure 4) and TCV (P = 0.034, Figure 4) between hyperglycemia and

control groups reached significance at the time point of 5 min of
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ambient light (Table 2). We found similar results in 0– 3 mm and 3 –

6 mm regions (Supplement Tables 1, 2).
Discussion

Since Agrawal et al. first proposed the Niblack image binarization

technique for EDI-OCT images, the choroid can be differentiated into

luminal and stromal components (10, 14). Through the acquisition of

more detailed information on the choroidal structures using the deep-

learning-based automatic segmentation and modified image

binarization technique, our study demonstrated the effect of acute

hyperglycemia on the choroidal components and CVI while

modulating light adaptation in healthy participants. Under

hyperglycemia in the dark, LV and TCV showed a decreasing

trend, and CVI decreased compared to the control, although only

CVI reached significance. This suggests that an eye with

hyperglycemia was likely to exhibit a decreased range of reaction in

lumina and a smaller reaction in stroma during darkness, likely

underlying the observed decrease in CVI.

In darkness, the metabolic needs of the photoreceptors reach their

peak (1, 2) in the absence of autoregulation of the choroidal

vasculature. The photoreceptors residing in the zone where both

the choroidal and retinal circulations provide oxygen support (24). F

Scarinci et al. found that macular photoreceptor disruption in patients

with diabetic retinopathy corresponds to areas of capillary non-

perfusion at deep capillary plexus (DCP) using OCT/OCTA. This

demonstrates that DCP ischemia contributes to disruption of the

photoreceptor layers (25). As shown in another study (7), in the dark,

there was a decrease in DCP in hyperglycemia. Previous studies had

shown that photoreceptor metabolism induced physiological hypoxia

in the retina (26) and this episode induced retinal glial cells to express

the hypoxia-inducible vascular endothelial growth factor (VEGF) (27,

28).Furthermore, Saint-Geniez M et al. found that VEGF signaling

was involved in the maintenance of the choriocapillaris, which might

affect choroidal blood flow change (29).Therefore, during dark

adaptation, photoreceptors were exposed to a relatively hypoxia

environment due to metabolic demands. We speculated that VEGF

secreted by retinal glial cells was received by choriocapillaris, resulting

in increased in choroidal blood flow in normal subjects to meet the

oxygen consumption of photoreceptors. Thus, the finding of

significantly decreased CVI with hyperglycemia in the dark may

further lead to relative photoreceptor hypoxia, which requires

further validation of this concept.With transition to ambient light,

LV, TCV, and CVI increased in hyperglycemia compared to the

control, and only the increased LV and TCV reached a significant

change. There were no significant differences in CVI between the

hyperglycemia and control conditions. This suggests that

hyperglycemia mainly causes vasodilatation of choroidal lumina

during transition to ambient light. Several studies have shown that

hyperglycemia decreases blood flow in the choroid (30, 31). Based on

this evidence, we speculated that during hyperglycemia, choroidal LV

increases in the face of overall decreased flow, which could indicate a

reactive vasodilator response at the choroidal lumina in response to

the overall decreased flow. This needs to be validated in future studies.

To the best of our knowledge, this is the first study to explore the

effects of acute hyperglycemia on choroidal structural components and
TABLE 1 Participants’ characteristics.

Characteristic Value

Number of females, n (%) 15 (62.5)

Age (years) 25.29 ± 1.91

SE (Diopter, D) -4.41 ± 2.22

AL (mm) 25.47 ± 1.16

Blood glucose, mmol/L

Pre-oral glucose tolerance test 5.03 ± 0.34

Post-oral glucose tolerance test 7.70 ± 1.48

Change 2.67 ± 1.49*

Choroidal parameters at baseline Control vs. Hyperglycemia

LV (mm³) 15.34 ± 0.72 vs. 15.32 ± 0.66

SV (mm³) 10.74 ± 0.50 vs. 10.72 ± 0.46

TCV (mm³) 26.08 ± 1.21 vs. 26.04 ± 1.11

CVI (%) 58.77 ± 0.27 vs. 58.81 ± 0.28
*: P<0.05.
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vascularity index while modulating light adaptation and glucose levels

in healthy subjects. Current evidence suggests that acute hyperglycemia

affects the response of the choroid vessels during dark/light adaptation.

These findings could have important implications for DR. Changes in
Frontiers in Endocrinology 0585
the underlying choroidal vasculature may contribute to the

pathophysiology of DR. Choroidal vascular degeneration, choroidal

aneurysms, choriocapillaris dropout, choroidal neovascularization,

blood flow change, and increased tortuosity and narrowing of the
TABLE 2 Mean differences in choroidal parameters change between glucose and control conditions during light modulation.

Light Adaption

Dark Adaption 30 secs 2 min 5 min

Parameter

TCV (mm³) -0.07 ± 0.15 0.18 ± 0.14 0.25 ± 0.17 0.38 ± 0.17*

P value 0.655 0.197 0.161 0.034

LV (mm³) -0.13 ± 0.08 0.12 ± 0.08 0.20 ± 0.10 0.27 ± 0.10*

P value 0.135 0.137 0.069 0.013

SV (mm³) 0.06 ± 0.08 0.06 ± 0.08 0.05 ± 0.08 0.11 ± 0.08

P value 0.443 0.435 0.556 0.187

CVI (%) -0.36 ± 0.09* -0.09 ± 0.33 -0.14 ± 0.33 -0.11 ± 0.33

P value <0.001 0.453 0.099 0.230
fr
Mean difference (glucose – control) ± SE.
TCV, total choroidal volume; LV, luminal volume; SV, stromal volume; CVI, choroidal vascularity index.
*: P<0.05.
FIGURE 3

Difference in choroidal parameters between the glucose condition and control during dark adaption. Asterisks represent a significant difference between
hyperglycemia and control (P < 0.05). CVI, choroidal vascular index; SV, stromal volume; TCV, total choroidal volume; LV, luminal volume.
FIGURE 4

Difference in choroidal parameters between the glucose condition and control during light adaption. Asterisks represent a significant difference between
hyperglycemia and control (P < 0.05). CVI, choroidal vascular index; SV, stromal volume; TCV, total choroidal volume; LV, luminal volume.
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vessels were evident in previous histopathological and animal studies in

diabetic (32, 33). A previous study by our group demonstrated that

choroidal thickness decreased in the eyes with no DR and in the eyes

with mild to moderate NPDR (34). In addition to the choroidal

thickness, CVI also decreases at the early stage of DR (11, 35, 36).

Damian et al. showed that an increase in RPE thickness, which points to

compromised function of the outer retinal layers, was associated with

CVI in the eyes with DR (37). Based on these research evidences, we

assume that the decreased changes in choroidal vascularity with

hyperglycemia in the dark observed in the current study, may leave

photoreceptor cells extremely vulnerable to ischemia in disease states

such as DR, where the choroidal vessels are already pathologically

compromised. Our results suggest that hyperglycemia, especially at

night, may exacerbate these metabolic deficits. This hypothesis needs to

be verified in future studies through exploring the effects of acute

hyperglycemia on CVI and its association with dark adaptometry

function in patients with DR.

This study had several limitations. First, it might be considered a

limitation that the study did not include different age group or non-

myopic population and a lack of flicker stimuli. However, the main

purpose of the current study was to investigate the effect of acute

hyperglycemia on choroidal structural components and vascularity

index while modulating light adaptation in heathy subjects. We used

the same group of normal individuals to compare the changes under

the two conditions. So, the main results might not be influenced by the

sample selection. Nevertheless, because of the limited range of healthy

population, the effect of aging (38) or elongation of axial length could

not be evaluated. More participants are necessary to explore the effects

of aging, elongation of axial length on the response of choroidal

structural components and vascularity index. Future studies using a

built-in flicker stimulus based on a larger sample size could also provide

better insight into the choroidal vascular response to flicker stimulation.

Second, this study was also limited by the algorithm used to analyze the

choroidal capillaries, which has not yet been investigated. Finally, blood

pressure, intraocular pressure, and other physiological variables that

could affect the choroidal structures and CVI were not measured in this

study. Nevertheless, our study mainly focused on the response of

choroidal components, including the lumina and stroma, during dark

and light adaptations. We also adjusted for some main factors,

including axial length and age, which are known to affect the

parameters of choroidal structure components.

In summary, we found that acute hyperglycemia caused a

significant decrease in CVI in the dark, which may leave

photoreceptors more susceptible to ischemia, especially in disease

states where choroid vascularity is compromised. During the

transition to ambient light, there was a significant increase in

choroidal lumen volume compared with that in the control

experiment. These findings suggest that glucose compromises

choroidal vascularity. Additional studies are necessary to explore

how these findings translate to individuals with diabetes. Analysis

of choroidal structural parameters and CVI based on SS-OCT images

may be a potentially powerful method to objectively reflect subtle

changes in the neurovascular coupling between the choroid and

photoreceptor during dark adaptation. Further studies with a

longitudinal study design are needed to test choroidal vascular

changes in individuals likely to experience a wide range of glucose

fluctuations and in patients with diabetes.
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31. Muir ER, Renterıá RC, Duong TQ. Reduced ocular blood flow as an early indicator
of diabetic retinopathy in a mouse model of diabetes. Invest Ophthalmol Visual Sci (2012)
53:6488–94. doi: 10.1167/iovs.12-9758

32. Hidayat AA, Fine BS. Diabetic choroidopathy. light and electron microscopic
observations of seven cases. Ophthalmology (1985) 92:512–22. doi: 10.1016/S0161-6420
(85)34013-7

33. Lutty GA, McLeod DS. Phosphatase enzyme histochemistry for studying vascular
hierarchy, pathology, and endothelial cell dysfunction in retina and choroid. Vision Res
(2005) 45:3504–11. doi: 10.1016/j.visres.2005.08.022

34. Chen Q, Tan F, Wu Y, Zhuang X, Wu C, Zhou Y, et al. Characteristics of retinal
structural and microvascular alterations in early type 2 diabetic patients. Invest
Ophthalmol Visual Sci (2018) 59:2110–8. doi: 10.1167/iovs.17-23193

35. Gupta C, Tan R, Mishra C, Khandelwal N, Raman R, Kim R, et al. Choroidal
structural analysis in eyes with diabetic retinopathy and diabetic macular edema-a novel
OCT based imaging biomarker. PloS One (2018) 13:e0207435. doi: 10.1371/
journal.pone.0207435

36. Kim M, Choi SY, Park Y-H. Quantitative analysis of retinal and choroidal
microvascular changes in patients with diabetes. Sci Rep-Uk (2018) 8:12146.
doi: 10.1038/s41598-018-30699-w
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Introduction: The study aimed to determine the effect of the scanning area used

for high-speed ultra-widefield swept-source optical coherence tomography

angiography (SS-OCTA) on the detection rate of diabetic retinopathy (DR) lesions.

Methods: This prospective, observational study involved diabetic patients between

October 2021 and April 2022. The participants underwent a comprehensive

ophthalmic examination and high-speed ultra-widefield SS-OCTA using a

24 mm × 20 mm scanning protocol. A central area denoted as “12 mm × 12

mm-central” was extracted from the 24 mm × 20 mm image, and the remaining

areawas denoted as “12mm~24mm-annulus.” The rates of detection of DR lesions

using the two scanning areas were recorded and compared.

Results: In total, 172 eyes (41 eyes with diabetes mellitus without DR, 40 eyes

with mild to moderate non-proliferative diabetic retinopathy (NPDR), 51 eyes

with severe NPDR, and 40 eyes with proliferative diabetic retinopathy (PDR) from

101 participants were included. The detection rates of microaneurysms (MAs),

intraretinal microvascular abnormalities (IRMAs), and neovascularization (NV) for

the 12 mm × 12 mm central and 24 mm × 20 mm images were comparable (p >

0.05). The detection rate of NPAs for the 24 mm × 20 mm image was 64.5%,

which was significantly higher than that for the 12 mm × 12 mm central image

(52.3%, p < 0.05). The average ischemic index (ISI) was 15.26% for the 12

mm~24mm-annulus, which was significantly higher than that for the 12 mm ×
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12 mm central image (5.62%). Six eyes had NV and 10 eyes had IRMAs that only

existed in the 12 mm~24mm-annulus area.

Conclusions: The newly developed high-speed ultra-widefield SS-OCTA can

capture a 24 mm × 20 mm retinal vascular image during a single scan, which

improves the accuracy of detecting the degree of retinal ischemia and detection

rate of NV and IRMAs.
KEYWORDS

diabetic retinopathy, microaneurysms, intraretinal microvascular abnormalities, retinal
neovascularization, swept-source optical coherence tomography angiography,
capillary non-perfusion areas
1 Introduction

Diabetic retinopathy (DR), one of the most common

microvascular complications of diabetes, is among the main

causes of vision loss among the working-age population globally.

Several meta-analyses have predicted that the global prevalence of

diabetes will be 600–700 million people in the next two decades (1,

2). Another study reported an estimated prevalence of 34.6% for all

forms of DR and 7.0% for proliferative DR (PDR) (3). PDR is the

leading cause of vision loss and preventable blindness in the

working-age population.

Within the past decade, several novel imaging technologies have

been developed for screening and diagnosing DR. These include

laser scanning fundus imaging and swept-source optical coherence

tomography angiography (SS-OCTA). As a noninvasive alternative,

SS-OCTA has been used in examinations for retinal neovascular

diseases including DR. Previous studies have demonstrated that

OCTA can detect vascular lesions in DR, such as microaneurysms

(MAs), intraretinal microvascular abnormalities (IRMAs),

neovascularization (NV), capillary non-perfusion areas (NPAs),

hard exudates (HEs), and diabetic macular edema (DME) (4–6).

However, most of the commonly used commercial SS-OCTA

devices used in previous studies had a scan area of 12 mm × 12 mm

or less centered on the fovea by a single scan. Due to the limitation

of the range of observation, clinically significant information

outside the scan area may not be captured. Several studies have

reported that the imaging area can be increased by stitching images

together after multiple scans or adding dioptric lenses to expand the

field of view (FOV) (7–10). However, these scanning protocols or

techniques required longer durations of acquisition and may

introduce more artifacts (8, 10).

The recently developed TowardPi high-speed ultra-widefield

SS-OCTA systems have an A-scan rate of 400 kHz (BMizar), which

can capture an area of 24 mm × 20 mm (about 120° FOV) in a single

scan. In this study, we used the latest high-speed ultra-widefield SS-

OCTA to obtain a 24 mm × 20 mm retinal blood flow image and

compared its detection of DR lesions detection with a relatively

narrower 12 mm × 12 mm image.
0289
2 Methods

2.1 Participants

This prospective observational study involved patients with DR

or diabetes mellitus recruited from the ophthalmic outpatient

department of Sichuan Provincial People’s Hospital from October

2021 to April 2022. A total of 172 eyes from 101 participants were

included; the participants were 56.50 ± 10.58 (25–86) years old. The

durations of diabetes (since diagnosis) among the participants

ranged from 1 month to 32 years (Table 1). This study was

approved by the Ethics Committee of Sichuan Provincial People’s

Hospital. Informed consent was obtained from the patients before

the examination. All procedures were conducted following the

guidelines of the Declaration of Helsinki.
2.2 Inclusion and exclusion criteria

The inclusion criterion was diabetes mellitus diagnosed with or

without DR. The exclusion criteria were as follows: uncooperative

patients with extremely poor visual acuity or inability to fix the bulbus

oculi and severe opacity of the refractive media; vitreoretinopathy

caused by other eye diseases; complications other than hypertension,

dyslipidemia, and abnormal renal function; intraocular surgery other

than for cataracts; poor images, including images with a system built-in

automatic quality score below 6/10 (5), images with severe motion

artifacts preventing accurate analysis, and blurry images (11); and

opacities of the refractive media affecting more than 30% of OCTA

images (Supplementary SFig. 1) (12).
2.3 Examination procedure

All patients underwent a comprehensive ophthalmic examination,

including best-corrected visual acuity, intraocular pressure,

computerized optometry, fundus photography, ocular biometry, and

high-speed ultra-widefield OCTA. We used TowardPi high-speed
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ultra-widefield SS-OCTA systems (BM-400K BMizar, TowardPi

Medical Technology; Beijing, China) to examine the patients. The

instrument used a swept frequency laser with a center wavelength of

1,060 nm and a scanning speed of 400,000 times/s. With patient

cooperation and no tracking, a single image was obtained in 15 seconds

with a scan depth of 6 mm and a FOV of 120° resulting in a maximum

fundus imaging area of 24 mm × 20 mm.

The participants were instructed to look at the inner marker light,

and a 24mm× 20mm SS-OCTA image was obtained with the fovea as

the center. Image quality was automatically rated on a scale of 1 to 10

by built-in software. If the image quality is poor (<6/10), the process

was repeated and new images were obtained when the image quality

was poor; images with better quality were selected for the analysis. For

each participant, SS-OCTA was performed using the 24 mm × 20 mm

scanning mode, and 76 eyes from 38 patients were also scanned using

12 mm × 12 mm scanning mode at the same time.
2.4 Image analysis

The images were annotated by two experienced ophthalmologists.

Disagreements between them were openly adjudicated by an

independent senior retina specialist (ZL) who had more than 30

years of working experience in diagnosing and treating DR. All

lesions were identified based on their characteristics on high-speed

ultra-widefield SS-OCTA images, as in previous reports (6, 10, 13).

MAs were defined as moderate or hyperreflective spots, and they had

various morphologic patterns, including fusiform, saccular, curved, and

rarely coiled shapes, in the SS-OCTA images (14). Adjacent to the

NPAs, the IRMAs appeared as tortuous, dilated, and annular abnormal

microvessels in the retina. After segmentation error correction, the NVs

were observed as extraretinal vessels present on the vitreoretinal

interface slab. The NPAs were defined as absence of capillary beds
Frontiers in Endocrinology 0390
between a terminal arteriole and a proximal venule or larger vessel (15),

and potential NPAs with areas less than 0.2 mm² were not delineated

(16). The hard exudates appeared on the B-scan as bright

hyperreflective lesions with posterior shadows (10).

Each 24 mm × 20 mm SS-OCTA image was marked with a

12 mm × 12 mm square centered on the macula with the built-in

tool and divided into 12 mm × 12 mm-central and 12 mm~24mm-

annulus areas (Figure 1). The presence or absence of MAs, IRMAs,

NV, NPAs, HEs, and DME was marked in each area (Figure 2). The
TABLE 1 Demographic characteristics of participants.

Participants (eyes) 101 (172)

Mean ± SD age, y 56.50 ± 10.58

Males/Females 55/46

Type of diabetes (participants)

Type 1 1

Type 2 100

Mean ± SD duration of diabetes, y 9.66 ± 6.97

Groups, the severity of DR eyes

No DR in DM patients 41

Mild and Moderate NPDR 40

Severe NPDR 51

PDR 40

Right eyes/Left eyes 87/85

DME eyes 63
DM, diabetes mellitus; DR, diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; DME, diabetic macular edema.
FIGURE 1

A representative OCTA image. The green outline represents the
24 mm × 20 mm scanning area, with the imaging centered on the
fovea. The yellow outline represents the 12 mm × 12 mm scanning
area, with the imaging centered on the fovea; this was termed the
12 mm × 12 mm central. The area outside the yellow outline and
within the green outline was termed 12 mm~24mm-annulus.
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dimensions of the NPAs (mm2) were also recorded (16). The

ischemic Index (ISI) was calculated by dividing NPAs by the

corresponding retinal area (17). To evaluate the accuracy of the

12 mm × 12 mm-central scanning area, which was obtained

partially from an area of 24 mm × 20 mm, 76 eyes were selected

for both the 12 mm × 12 mm and 24 mm × 20 mm high-speed

ultra-widefield SS-OCTA scans.

In this study, severity of DR was graded using the Optos ultra-

widefield retinal image (Optos PLC; Scotland, United Kingdom) of

all participants (18, 19), according to the International Clinical

Diabetic Retinopathy Severity Scale (20). Based on the lesion

characteristics, we classified DR into DM without DR, mild to

moderate non-proliferative diabetic retinopathy (NPDR), severe

NPDR, and proliferative diabetic retinopathy (PDR).
2.5 Data analysis

Statistical analysis was performed using SPSS version 26.0 (IBM,

Armonk, New York). The data were expressed as mean ± standard

deviation. The non-normally distributed data were analyzed using

nonparametric tests. The chi-squared test was used to compare the

rates of detection of the DR features in different modes. Two-tailed p-

values of < 0.05 denoted statistical significance.
3 Results

3.1 Demographics

In total, 172 eyes (41 eyes with DM without DR, 40 eyes with

mild to moderate NPDR, 51 eyes with severe NPDR, and 40 eyes

with PDR) from 101 participants were included in the study. The

average age of the participants was 56.50 ± 10.58 years, and the
Frontiers in Endocrinology 0491
average duration since the diagnosis of diabetes was 9.66 ± 6.97

years. A total of 63 participants had DME (Table 1).
3.2 Detection rates of DR lesions in
different areas of a 24 mm × 20 mm high-
speed ultra-widefield SS-OCTA image

The detection rates (the number of eyes found divided by the

total number of eyes examined) of MAs, IRMAs, and NV were

66.9%, 44.2%, and 19.2% for the 12 mm × 12 mm-central images

and 74.4%, 51.2%, and 23.3% for the 24 mm × 20-mm images,

respectively (p > 0.05). The detection rate of NPAs was 64.5% for

the 24 mm × 20 mm image, which was higher than that for the

12 mm × 12 mm-central image (52.3%) (p < 0.05). The two scan

protocols had identical detection rates for HE and DME (p =

1.00, Table 2).
3.3 Distribution of nonperfusion areas and
ischemic index in different retinal zones

NPAs were present in 111 eyes. The average dimension of the

NPAs was 8.09 ± 13.58 mm2 in the 12 mm × 12 mm-central image,

with an average ISI of 5.62 ± 9.43%. The average dimension of the

NPAs was 45.86 ± 58.69 mm2 in a 12 mm~24mm-annulus image,

with an average ISI of 15.26 ± 19.52% (p < 0.05, Table 3).
4 Discussion

In our study, we compared the detection rates and distributions

of DR lesions in SS-OCTA images with fields of 24 mm × 20 mm
FIGURE 2

(A) Representative 24 mm × 20 mm OCTA image of one eye with PDR. Representative DR lesions are marked with green arrows for microaneurysms (MAs)
with corresponding B-scans (a1); yellow arrows for intraretinal microvascular abnormalities (IRMAs) with corresponding B-scans (a2); and red arrows for
neovascularization (NV) with corresponding B-scans (a3). (B) In another representative 24 mm × 20 mm OCTA image, the red stars represent non-perfusion
areas (NPAs); most of the NPAs were seen in the 12 mm~24mm-annulus. PDR, proliferative diabetic retinopathy.
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(FOV 120°) and 12 mm × 12 mm (FOV 50°). With the increase in

FOV, more IRMAs and NV were detected by the ultra-widefield SS-

OCTA. The retinal ischemia was more severe in the mid-peripheral

retina than in the posterior area. In addition, there was no loss of

details of the posterior DR lesions in the 24 mm × 20 mm scanning

mode relative to the 12 mm × 12 mm scanning mode.

Within the last decade, SS-OCTA has been gradually used to detect

and research vascular changes in DR. Most previous studies used SS-

OCTA with a scanning area of 12 mm × 12 mm (FOV 50°) (21–24).

Higher FOV (90°) can be achieved using the montage technique. The

montage technique allows a higher FOV. However, it has certain

limitations, such as misalignment, motion artifacts, and longer

processing times (25). Another simple technique for increasing the

scan length for OCTA is an extended field imaging technique. However,

it leads to a decrease in image resolution and missing retinal vascular

information (26). In this study, we used the newly developed and

commercialized high-speed ultra-widefield SS-OCTA systems. Its

24 mm × 20 mm scanning mode (444.6 mm2) provides a 208.7%

larger scanning area than the 12 mm × 12 mm scanning mode (144

mm2) and facilitated a wider retinal field (approximately 120° FOV).

According to the recommendation of the International Widefield

Imaging Study Group, the FOV of the OCTA system in our study

can be categorized as ultra-widefield (approximately 110–220°, anterior

edge of vortex vein ampulla, and beyond to pars plana) (27).

We evaluated the presence or absence of DR lesions includingMAs,

IRMAs, NV, NPAs, HE, and DME. The larger scanning area did not

increase the detection rate of MAs, IRMAs, and NV (p > 0.05, Table 2).

However, thedetection rateof theNPAs, an indicatorof retinal ischemia,

increasedwith the expansionof the scanningarea (p<0.05,Table 2).We

quantified theNPAsandevaluated the ISI fordifferentareas.Theaverage

ISI for the 12 mm × 24 mm-annulus image was 15.26 ± 19.52%, which
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was significantly higher than that for the 12mm×12mm-central image

(5.62% ± 9.43%) (Table 3). These results suggested that ischemia was

more severe in the peripheral region than in the posterior polewithin the

24 mm × 20 mm area (Figure 2B). Fan et al. (17) proposed that ISI

increases with an increase in the distance from the foveal center. Wang

et al. (7) used an OCTA montage image composed of five 12 mm ×

12 mmOCTA images for analysis and reported that the capillary non-

perfusion of the 50–100° FOV sector in DR was more prominent in the

peripheral regions of the retina compared to that of the central FOV

sectors. These findings were similar to our results. However, the authors

were aware of the several limitations of their study: the 12mm× 12mm

scans only provide a lateral resolution of 24mm; the automatedmontage

feature failed at timesdue to thedisparate overlapof the 12mm×12mm

scans requiring time-consuming manual correction; and the image

distortion may have affected the measurements of peripheral capillary

nonperfusion (7). In our study, a single scanning could provide a 24mm

×20mmimage (FOV120°)witha transverse resolutionof 10mmandan

axial optical resolution of 3.8 mm, which enabled us to observe the

capillary non-perfusion areas more accurately. The display of the

ischemic area was more comprehensive and intuitive with a wider SS-

OCTA image. Theoretically, these non-invasivewider SS-OCTA images

could be quickly and repeatedly acquired from thepatients for follow-up

of the change in capillary drop-out in clinical practice.

Besides NPAs, IRMAs and NV were vital considerations for DR

management. It is important to distinguish between IRMAs and retinal

NV to determine disease severity and prognosis and make treatment

decisions. SS-OCTA can show frontal and cross-sectional analyses,

while B-scans help to differentiate IRMA from NV (28, 29). Similar to

the methods used by Lee et al. (30) and Cho et al. (31), we differentiated

IRMA from NV by analyzing B-scans (Figures 2: a2, a3). In this study,

there were no statistically significant differences between the detection
TABLE 3 ISIs for 12 mm × 12 mm central and 12 mm~24mm-annulus imaging.

Different scan areas

DR lesions 12 mm × 12 mm central 12 mm~24mm-annulus p-value

NPAs area (mm2) 8.09 ± 13.58 45.86 ± 58.69 .000

Average ISI (%) 5.62 ± 9.43 15.26 ± 19.52 .000
fron
Data were presented as means ± standard deviations; NPAs, non-perfusion areas; ISI =ischemic index (ISI =NPAs/retinal area); p-value. The difference was statistically significant (p<.05); 12 mm × 12 mm
central retinal area is 144 mm2, and 12 mm~24mm-annulus retinal area is 300.6 mm2.
TABLE 2 DR lesion detection rates of 12 mm × 12 mm central and 24 mm × 20 mm OCTA images.

Eyes with DR Lesions present in different scan areas (n/N Eyes, %)

DR lesions 12 mm × 12 mm central 24 mm×20 mm p-value

MAs 115/172 (66.9%) 128/172 (74.4%) .155

IRMAs 76/172 (44.2%) 88/172 (51.2%) .235

NV 33/172 (19.2%) 40/172 (23.3%) .429

NPAs 90/172 (52.3%) 111/172 (64.5%) .029

HE 110/172 (64.0%) 110/172 (64.0%) 1.000

DME 63/172 (36.6%) 63/172 (36.6%) 1.000
MAs, microaneurysms; IRMAs, intraretinal microvascular abnormalities; NV, neovascularization; NPAs, non-perfusion areas; HE, Hard exudates; DME, diabetic macular edema; p-value. The
difference was statistically significant (p<.05).
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rates of IRMAs and NV in the 12 mm × 12 mm-central and 24 mm ×

20 mm SS-OCTA images. These results were similar to the findings of

previous studies. However, we observed more IRMAs and NV within

the 24 mm × 20 mm area than within the 12 mm × 12 mm-central

area. (Figure 3). Of the total of 40 eyes with PDR and 51 eyes with

severe NPDR, 6 eyes had NV and 10 eyes had IRMAs that were only

observed within the 12 mm~24mm-annulus area. Compared with the

12 mm × 12 mm-central area, more severe lesions were observed in 16

eyes within the 24 mm × 20 mm area due to an increase in the FOV.

With the detection of more regions of NV, 6 eyes that were originally

diagnosed with severe NPDR based on 12mm× 12mm-central images

were diagnosed with PDR. Therefore, a wider scanning field for SS-

OCTA can facilitate more accurate determination of DR progression

and timely interventions and guide clinical diagnosis and treatment.

However, prospective studies with larger sample sizes are needed to test

this hypothesis.

Additionally, since this is a newly developed SS-OCTA device, we

also investigated differences in the lesion detection rate using the 24mm×
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20 mm and 12 mm × 12 mm scan modes. Seventy-six eyes from 38

patients were scanned using the two modes. We compared the 12 mm ×

12 mm SS-OCTA images extracted from the 24 mm × 20 mm scanning

mode with the image obtained by the 12 mm × 12 mm scanning mode.

There were no statistical differences between the detection rates for all the

lesions (Table 4), andwe found that the 24mm× 20mm scanningmode

did not lose the information within the 12mm× 12mm area during DR

lesion detection (Figure 4); instead, it provided more information in the

mid-peripheral retina. However, the 12 mm × 12 mm scan mode has an

advantage of a relatively short scan time.

OCTA can non-invasively reveal the structures of multiple

layers of the vascular plexus, including the superficial capillary

plexus (SCP), intermediate capillary plexus, deep capillary plexus

(DCP), and peripapillary radial plexus (PRP) (32, 33). Some

previous studies reported that the DCP was more susceptible to

ischemia and significantly related to the progression of DR than the

SCP (34, 35). However, we did not analyze the distribution of the

NPAs in each capillary plexus in this study, since the automatic
FIGURE 3

Representative OCTA image of PDR. (A) In the 24 mm ×20 mm image, the red arrows mark the neovascularization (NV), and a corresponding BScan
image (b1) is provided (B, D). Yellow arrows mark intraretinal microvascular abnormalities (IRMAs) and a corresponding B-Scanimage (b2) is provided
(C, E). Structurally, IRMAs were defined as new vessels formed within the retinal layers whereas, retinal NV breached the internal limiting membrane.
In this eye, both NV and IRMAs were outside the 12 mm ×12 mm area (yellow outline), but they were accurately detected using the 24 mm ×20 mm
scanning mode. PDR, proliferative diabetic retinopathy.
TABLE 4 Comparison of 12 mm×12 mm central and A-single-scan 12 mm×12 mm OCTA images.

The same areas for different scanning protocols

DR lesions 12 mm×12 mm central (eyes) A-single-scan 12 mm×12 mm (eyes) p-value

MAs 60/76 (78.9%) 63/76 (82.0%) 0.68

IRMA 46/76 (60.5%) 46/76 (60.5%) 1.00

NV 19/76 (25.0%) 19/76 (25.0%) 1.00

NPAs 52/76 (68.4%) 52/76 (68.4%) 1.00

HE 51/76 (67.1%) 51/76 (67.1%) 1.00

DME 35/76 (46.1%) 35/76 (46.1%) 1.00
fron
MAs, microaneurysms; IRMA, intraretinal microvascular abnormalities; NV, neovascularization; NPAs, nonperfusion areas; HE, hard exudates; DME, diabetic macular edema; p-value. The
difference was statistically significant (p<.05).
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stratification of the DCP and SCP in the peripheral retina is not as

accurate as that in the macular area. Meanwhile, the manual

correction of the entire B-scan images is very time-consuming.

This limitation needs to be addressed in further studies.

Our study had several other limitations. This was a single-center

study involving a relatively small sample. Similar to the previously

reported SS-OCTA, TowardPi high-speed ultra-widefield SS-OCTA

was influenced by the turbidity of the refractive medium and

artifacts. For the 24 mm × 20 mm scanning mode, some optical

occlusion or artifacts may be produced in patients with longer and

thicker eyelashes, small eyelid fissures, and poor tear film function,

which can affect the observation of DR lesions. In addition, patients

with macular disease and DME have poor fixation, which may lead

to more projection and motion artifacts and affect image quality.

These issues need to be considered in future studies.

Despite our limitations, our data suggest the high-speed ultra-

widefield SS-OCTA used in this study can obtain a 24 mm × 20 mm

OCTA fundus image in a single scan. The high-speed ultra-widefield

SS-OCTA canmore accurately reveal the degree of retinal ischemia and

also detect more NV and IRMAs lesions using the 24 mm × 20 mm

compared with the 12 mm × 12 mm scanning area.
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Network meta-analysis of
intravitreal conbercept as an
adjuvant to vitrectomy for
proliferative diabetic retinopathy

Weiwei Wang*, Chaoyi Qu and Huanhuan Yan

Shaanxi Eye Hospital, Xi’an People’s Hospital (Xi’an Fourth Hospital), Xi’an, China
Purpose: Intravitreal Conbercept (IVC) has been shown to be effective in treating

proliferative diabetic retinopathy (PDR) as an adjuvant in pars plana vitrectomy

(PPV); however, the best timing of IVC injection remains unknown. This network

meta-analysis (NMA) sought to ascertain the comparative efficacy of different

timings of IVC injection as an adjuvant to PPV on PDR.

Methods: A comprehensive literature search was conducted in PubMed, EMBASE,

and the Cochrane Library to identify relevant studies published before August 11,

2022. According to the mean time of IVC injection before PPV, the strategy was

defined as very long interval if it was > 7 days but ≤ 9 days, long interval if it was > 5

days but ≤ 7 days, mid interval if it was > 3 days but ≤ 5 days, and short interval if it

was ≤ 3 days, respectively. The strategy was defined as perioperative IVC if IVC was

injected both before and at the end of PPV, and the strategy was intraoperative IVC

if injected immediately at the end of PPV. The mean difference (MD) and odds ratio

(OR) with corresponding 95% confidence interval (CI) for continuous and binary

variables, respectively, were computed through network meta-analysis using Stata

14.0 MP.

Results: Eighteen studies involving 1149 patients were included. There was no

statistical difference between intraoperative IVC and control in treating PDR.

Except for a very long interval, preoperative IVC significantly shortened

operation time, and reduced intraoperative bleeding and iatrogenic retinal

breaks. Long and short intervals reduced endodiathermy application, and mid

and short intervals reduced postoperative vitreous hemorrhage. Moreover, long

and mid intervals improved BCVA and central macular thickness. However, very

long interval was associated with an increased risk of postoperative vitreous

hemorrhage (RR: 3.27, 95%CI: 1.84 to 5.83). Moreover, mid interval was better

than intraoperative IVC in shortening operation time (MD: -19.74, 95%CI: -33.31

to -6.17).

Conclusions: There are no discernible effects of intraoperative IVC on PDR, but

preoperative IVC, except for very long interval, is an effective adjuvant to PPV for

treating PDR.

KEYWORDS

proliferative diabetic retinopathy, vitrectomy, conbercept, intravitreal, network
meta-analysis
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Introduction

Diabetic retinopathy (DR), the most common diabetic

complication, is characterized by damage and abnormalities in

retinal blood vessels, which can result in visual impairment and

blindness (1). Depending on the severity, DR can be classified into

three subtypes: non-proliferative DR, proliferative DR (PDR), and

diabetic macular edema (2). PDR is one of the most common causes

of blindness in DR patients and is linked to vitreous hemorrhage,

traction detachment, and neovascular glaucoma (3–5). DR affected

approximately 103 million adults worldwide in 2020, which is

expected to reach 160 million by 2045 (6). Therefore, it is critical to

treat patients with PDR effectively.

Panretinal photocoagulation (5) and vitrectomy (7) are two

traditional treatment options for PDR. Pars plana vitrectomy (PPV)

remains the preferred treatment for PDR (8), as it removes long-

standing hematoma in the vitreous cavity, blocks the pathways to

neovascularization, and restores the stable intraocular structure to the

retina (9). However, this procedure may be associated with an

increased risk of several complications, such as retinal detachment

(RD) and repeated vitreous hemorrhage. These complications can

undoubtedly delay patients’ vision recovery and increase surgical

costs (10). Clinical practitioners are trying to mitigate the possible

negative effects of PPV by different approaches.

Vascular endothelial growth factor (VEGF) plays a central role in

the development of PDR (11), and it has been demonstrated that

intravitreal anti-VEGF decreases the need for repeated vitrectomy

and recurrent vitreous hemorrhage (12, 13). As a novel anti-VEGF

drug, Conbercept was approved by the China Food and Drug

Administration (CFDA) to treat age-related macular degeneration

in 2013 (14). Conbercept is a recombinant fusion protein with

multiple targets, increased affinity, and the capacity to prevent the

growth of new blood vessels (15). Su et al. first evaluated the effect and

safety of using Conbercept as an adjuvant to PPV in treating PDR,

showing that intravitreal Conbercept (IVC) before PPV effectively

accelerates visual recovery and reduces non-clearing vitreous

hemorrhage (16). Subsequent meta-analyses also demonstrated the

therapeutic efficacy and safety of IVC injection as an adjuvant to PPV

in treating PDR.

Nevertheless, the intervals of IVC injection as an adjuvant to PPV

varies in clinical practice, such as injection before PPV and immediate

injection at the end of PPV. Currently, the impact of the intervals of

IVC injection on intraoperative and postoperative outcomes in PDR

patients undergoing PPV remains unknown because previous meta-

analyses did not differentiate the intervals of IVC injection. Therefore,

we conducted this network meta-analysis to evaluate the differences

in therapeutic efficacy and safety between different intervals of IVC

injection as an adjuvant to PPV in treating patients with PDR.
Subjects and methods

Study design

We conducted an NMA following the Preferred Reporting Items

for Systematic Reviews and Meta-analyses guidelines (PRISMA)
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extension statement for reporting network meta-analysis (17). Since

the statistical analysis was done using the published data, ethical

approval and the patient’s informed consent were unnecessary. We

have registered the present network meta-analysis in PROSPERO

with registration number CRD42022361537.
Eligibility criteria

The following criteria guided our selection of eligible studies: (a)

adult patients received pars plana vitrectomy (PPV) for PDR; (b) PPV

combined with intravitreal Conbercept (IVC) compared with PPV

without Conbercept or each other; (c) the dose of IVC was limited to

0.5 mg, but there was no restriction on the type of PPV (23G, 25G,

and 27G); (d) studies reported at least one of the best corrected visual

acuity (BCVA), operation time, central macular thickness,

intraoperative bleeding, iatrogenic retinal breaks, endodiathermy

application, silicone oil tamponade, and postoperative vitreous

hemorrhage (VH); and (e) only RCTs with full texts were considered.

Ineligible studies were excluded based on the following criteria:

(a) papers reporting data from the same study, (b) studies without

reporting IVC dose, (c) studies combining IVC with other drugs, (d)

studies only report a broad time range to conduct IVC, (e) abstracts,

letters to the editor, case reports, cell studies, animal studies,

and reviews.
Literature retrieval

Two independent authors searched the PubMed, EMBASE, and

Cochrane library databases for relevant publications from their

inception until August 11, 2022, using a combination of the terms

“diabetic retinopathy” and “Conbercept.” We also manually searched

relevant review articles and the reference lists of all eligible studies to

identify additional studies. Supplementary Table 1 shows the detailed

search strategies for three targeted databases. Disagreements were

resolved through discussions between the two authors until a

consensus was reached.
Study selection

In the following three steps, two authors independently selected

eligible studies. First, we used the EndNote X9 software to remove

duplicate studies. Second, we excluded irrelevant studies after

reviewing the title and abstract. Third, ineligible studies were

further identified by checking the full texts of the remaining

studies. Disagreements between the two authors were resolved

through discussions until an agreement was reached.
Data extraction

Two authors extracted the following data independently: first

author’s name, country, publication year, sample size, the proportion

of males, patients’ mean age, duration of diabetes, details of

comparisons and interventions, and follow-up duration. Only
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information from the final follow-up was extracted for the meta-

analysis. We filled in missing data by contacting the corresponding

author via email if necessary. The two authors debated any conflicts

until they agreed.
Outcomes of interest

The primary outcomes were the BCVA expressed as a logarithm

of the minimal angle of resolution (LogMAR) at the final follow-up,

the operation time, and the central macular thickness; however,

intraoperative bleeding, iatrogenic retinal breaks, endodiathermy

application, silicone oil tamponade, and postoperative vitreous

hemorrhage were secondary outcomes.
Assessment of risk of bias

Two independent authors used the revised Cochrane risk-of-bias tool

for randomized trials (RoB2) to assess the risk of bias (18) from the

randomization process, derivation for intended interventions, the missing

outcome data, measurement of the outcome, selection of the reported

results, and the overall results. Each domain was assigned a rating of low,

no information, some concerns, or high risk. The two authors talked

things out until they came to an agreement to resolve any disagreements.
Data analysis

The estimates of continuous and binary variables were expressed

using mean difference (MD) and risk ratio (RR) with corresponding

95% confidence intervals (CI), respectively. We first assessed transitivity

between studies by determining whether there was an insignificant

difference in major clinical and methodological characteristics between

comparisons (19, 20). Then, we used the design-by-treatment

interaction method (21) and the node-splitting method (22) to

examine global and local consistency, respectively. Additionally, we

also used the node-splitting method (23, 24) to examine the loop-closed

inconsistency. We used random network meta-analysis to compare the

efficacy of different regimens regardless of statistical heterogeneity (25).

Furthermore, the relative rankings of all regimens were determined by

estimating ranking probabilities using the surface under the cumulative

ranking (SUCRA) (26). Finally, we created a comparison-adjusted

funnel plot to investigate the possibility of publication bias (27).

STATA 14.0 was used for statistical analysis (StataCorp LP, College

Station, Texas, USA) (28). The graphical tools created by Chaimani et al.

(29) were used to present all results graphically.
Results

Literature retrieval and selection

Figure 1 shows the flow diagram for retrieving and selecting studies.

We identified 362 records from an electronic literature search and

excluded 84 duplicates and registered protocols. After reviewing the

abstracts, we eliminated 225 studies. Initially, 53 studies were potentially
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relevant. Among them, 35 studies were excluded after reading the full

text. Finally, 18 studies were included in this network meta-analysis.
Study characteristics

All studies (30–45) were performed in China and published between

2015 and 2021. The sample size of the individual study ranged from 31

to 111, with a total of 1149 patients. We defined it as short interval (SI) if

the mean time of conducting IVC before PPV was ≤ 3 days, mid interval

(MI) if the mean time of conducting IVC before PPV was > 3 days but ≤

5 days, long interval (LI) if the mean time of conducting IVC before PPV

was > 5 days but ≤ 7 days, and very long interval (VLI) if the mean time

of conducting IVC before PPV was > 7 days but ≤ 9 days. Moreover, if

IVC was conducted both before and at the end of PPV, we defined this

strategy as perioperative IVC; however, the strategy was defined as

intraoperative IVC if it was conducted immediately at the end of PPV.

Overall, seven studies (32–34, 36, 40, 42, 46) compared LI with control,

three studies (37, 38, 44) compared MI with control, three studies (35,

43, 47) compared SI with control, two studies (31, 39) compared

intraoperative IVC with control, one study (41) compared VLI with

SI, one study (45) compared MI with SI, and one study (30) compared

MI with intraoperative and perioperative IVC. Detailed baseline

characteristics of the included studies are presented in Table 1. We

assessed transitivity based on publication year, sample size, male

proportion, patients’ mean age, diabetes duration, and follow-up

duration. The distribution of these six factors is insignificant across

comparisons, as shown in Supplemental Table 2, demonstrating

transitivity between comparisons.
Risk of bias of eligible studies

Even though all eligible studies were RCTs, only seven studies (31,

32, 34, 36, 37, 39, 45) provided information on the randomization

process. There was insufficient data to determine whether results are

biased by deviations from the intended intervention and bias in

outcome measures. Four studies were rated to be high risk due to

incomplete outcome data. All studies were rated to be low risk in

selective outcome reporting. Supplementary Figure 1 shows the

details of the risk of bias assessment.
Meta-analysis of BCVA

BCVA was reported in fourteen studies (30, 31, 33–37, 39–43, 45,

46), involving a total of 886 patients and seven regimens (Figure 2A).We

used an inconsistency model to estimate the relative efficacy of various

regimens because inconsistency examination revealed the existence of

global inconsistency (Supplementary Figure 2A) and local inconsistency

(Supplementary Table 3). As shown in Table 2, EP was associated with

better BCVA compared to the control regimen (MD: -0.29, 95%CI: -0.44

to -0.15); however, no statistical difference was found in the remaining

comparisons. Nevertheless, according to ranking probabilities based on

SUCRA, VLI ranked first (70.6%), followed by LI (69.6%), intraoperative

IVC (64.0%), perioperative IVC (53.0%), SI (47.3%), MI (35.4%), and

control (10.2%), as shown in Figure 3A.
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Meta-analysis of operation time

Operation time was reported in sixteen studies (30, 32–46),

involving a total of 1008 patients and seven regimens (Figure 2B).

We used a consistency model to estimate the relative efficacy of

various regimens because inconsistency examination revealed the

absence of global inconsistency (Supplementary Figure 2B) and

local inconsistency (Supplementary Table 3). All regimens, except

for VLI and intraoperative IVC, were associated with fewer operation

times when compared to the control regimen, as shown in Table 2;

however, we found no statistical difference in the remaining

comparisons. Meanwhile, MI outperformed intraoperative IVC in

reducing operation time (MD: -19.74, 95%CI: -33.31 to -6.17).

According to ranking probabilities based on SUCRA, MI ranked

first (88.2%), followed by SI (79.3%), perioperative IVC (67.2%), LI

(52.3%), VLI (29.3%), intraoperative IVC (27.4%), and control

(6.3%), as shown in Figure 3B.
Meta-analysis of central macular thickness

Central macular thickness was reported in ten studies (31, 33–40,

43), involving 635 patients and five regimens (Figure 2C). Because
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inconsistency examination does not apply to this outcome, we used a

consistency model to estimate the relative efficacy of various regimens.

As shown in Table 2, MI was better than the control regimen in

improving central macular thickness (MD: -114.20, 95%CI: -179.93 to

-48.48); however, no statistical difference was found in the remaining

comparisons. According to ranking probabilities based on SUCRA, MI

ranked first (93.4%), followed by intraoperative IVC (66.8%), SI

(43.2%), LI (40.7%), and control (5.9%), as shown in Figure 3C.
Meta-analysis of intraoperative bleeding

Intraoperative bleeding was reported in ten studies (31, 36–41,

45), involving 711 patients and six regimens (Figure 2D). Global

inconsistency examination is not applicable to this outcome, but the

assumption of the presence of local inconsistency was rejected

(Supplementary Table 3). Therefore, we used a consistency model

to estimate the relative efficacy of various regimens. As shown in

Table 2, except for intraoperative IVC, all regimens were associated

with fewer intraoperative bleeding when compared to control

regimen; however, no statistical difference was found in the

remaining comparisons. According to ranking probabilities based

on SUCRA, MI ranked first (84.2%), followed by perioperative IVC
FIGURE 1

Flow diagram of study retrieval and selection.
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TABLE 1 The baseline characteristics of eligible studies included in this network meta-analysis (n=18).

Study Groups Sample
size, n

Males,
n

Mean age,
years

Duration of diabe-
tes, years Details of procedures Follow-up

duration

Li et al.,
2020

Control 20 9 56.0±10.5 14.0±6.8 23G PPV without IVC

n.r.
LI 20 13 51.1±11.6 10.9±7.7

0.5mg IVC at 7 days before 23G
PPV

Li et al.,
2021

Control 38 16 51.9±9.2 10.2±3.3 27G PPV without IVC

6 months
LI 39 20 52.1±8.5 9.9±2.7

0.5mg IVC at 6-7 days before 27G
PPV

Lin et al.,
2018

Control 47 31 58.9±7.8 9.6±2.6 23G PPV without IVC

6 months
LI 47 29 56.3±9.6 10.4±2.2

0.5mg IVC at 5-7 days before 23G
PPV

Luo et al.,
2021

Control 42 22 62.5±3.7 5.0±1.5 23G PPV without IVC

1 month
SI 42 21 62.1±3.5 6.0±1.6

0.5mg IVC at 3 days before 23G
PPV

Luo et al.,
2018

Control 16 7 57.7±11.3 n.r. 23G PPV without IVC

3 months
LI 15 5 57.0±13.1 n.r.

0.5mg IVC at 7 days before 23G
PPV

Ou et al.,
2021

Control 37 14 57.4±11.0 8.89±2.23 23G PPV without IVC

3 months
MI 38 15 56.7±12.7 8.71±1.98

0.5mg IVC at 5 days before 23G
PPV

Ran et al.,
2016

Control 29 15 49.5±5.4 n.r. 23G PPV without IVC

n.r.
MI 27 13 47.5±3.2 n.r.

0.5mg IVC at 5 days before 23G
PPV

Shang et al,
2018

Control 30 16 55.6±5.9 15.1±1.9 23G PPV without IVC

3 months
LI 30 18 54.2±6.3 14.4±1.7

0.5mg IVC at 7 days before 23G
PPV

Su et al.,
2016

Control 18 n.r. n.r. n.r. 23G PPV without IVC

1 month
LI 18 n.r. n.r. n.r.

0.5mg IVC at 7 days before 23G
PPV

Sun et al.,
2017

Control 42 23 45.2±8.9 10.03±5.74 25G PPV without IVC

3 months
SI 41 22 48.7±9.5 9.86±6.07

0.5mg IVC at 3 days before 25G
PPV

Sun et al.,
2015

Control 28 18 57.4±3.3 10.0±1.3 23G PPV without IVC

6 months
MI 28 18 51.2±3.2 10.0±1.4

0.5mg IVC at 3-5 days before 23G
PPV

Yang et al.,
2016

Control 53 24 49.6±8.7 15.9±4.8 23G PPV without IVC

3 months
SI 54 27 48.6±8.2 16.7±4.5

0.5mg IVC at 3 days before 23G
PPV

Zhao et al.,
2018

Control 18

22 46.9±12.3 n.r.

23G PPV without IVC

3 months
LI 18

0.5mg IVC at 7 days before 23G
PPV

Jiang et al.,
2020

Control 15 10 53.5±9.6 9.88±8.52 23G PPV without IVC

6 months
Intraoperative 15 6 55.5±9.9 13.19±8.08

0.5mg IVC at the end of the 23G
PPV

Ren et al.,
2019

Control 22 15 46-80 1204±6.05 25G PPV without IVC

6 months
Intraoperative 23 16 28-69 10.36±4.17

0.5mg IVC at the end of the 25G
PPV

(Continued)
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(82.7%), intraoperative IVC (57.0%), LI (38.1%), SI (37.0%), and

control (1.1%), as shown in Figure 3D.

Meta-analysis of iatrogenic retinal breaks

The data of iatrogenic retinal breaks were reported in ten studies

(33–36, 38, 42–46), involving 643 patients and four regimens

(Figure 2E). We used a consistency model to estimate the relative

efficacy of various regimens because inconsistency examination revealed

the absence of global inconsistency (Supplementary Figure 2C) and local

inconsistency (Supplementary Table 3). All regimens were associated
Frontiers in Endocrinology 06102
with fewer iatrogenic retinal breaks when compared to the control

regimen, as shown in Table 2; however, no statistical difference was

found in the remaining comparisons. According to ranking probabilities

based on SUCRA, LI ranked first (72.1%), followed by MI (64.2%), SI

(63.5%), and control (0.1%), as shown in Figure 3E.
Meta-analysis of endodiathermy application

Endodiathermy application was reported in eight studies (32, 34,

35, 37, 38, 42, 43, 46), involving a total of 486 patients and four
TABLE 1 Continued

Study Groups Sample
size, n

Males,
n

Mean age,
years

Duration of diabe-
tes, years Details of procedures Follow-up

duration

Gao et al.,
2020

MI 34 14 50.8±13.5 14.5±5.2
0.5mg IVC at 3-5 days before 23G
PPV

6 monthsIntraoperative 35 16 54.0±14.8 12.9±5.2
0.5mg IVC at the end of the 25G
PPV

Perioperative 29 16 52.6±14.6 12.7±5.2
0.5mg IVC at 3-5 days before and
after 23G PPV

Shi et al.,
2020

SI 26 13 52.7±9.0 8.9±5.9
0.5mg IVC at 2-3 days before 25G
PPV

6 months

VLI 21 9 52.1±10.5 10.3±5.9
0.5mg IVC at 7-8 days before 25G
PPV

Wen et al.,
2019

Control 30 18 59.0±6.2 6.87±1.69 25G PPV without IVC

3 months
SI 30 17 61.3±7.1 6.91±1.71

0.5mg IVC at 3 days before 25G
PPV

MI 30 20 60.7±6.6 6.59±1.61
0.5mg IVC at 5 days before 25G
PPV
PPV, pars plana vitrectomy; IVC, intravitreal conbercept; VLI, very long interval; LI, long interval; MI, mid interval; SI, short interval; n.r., not reported.
A B D

E F G H

C

FIGURE 2

Network maps of evidence for all outcomes, including BCVA (A), operation time (B), central macular thickness (C), intraoperative bleeding (D), iatrogenic
retinal breaks (E), endodiathermy application (F), silicone oil tamponade (G), and vitreous hemorrhage (H). VLI, very long interval; LI, long interval; MI, mid
interval; SI, short interval; Intra, intraoperative; Peri, perioperative; BCVA, best corrected visual acuity.
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TABLE 2 Network meta-analysis of all regimens in terms of all outcomes.

Comparisons BCVA,
LogMAR

Operation
time, min

Central
macular
thickness,

mm

Intraoperation
bleeding, n

Iatrogenic
retinal

breaks, n

Endodiathermy
application, n

Silicone oil
tamponade,
n

Vitreous
hemorrhage,

n

VLI vs Control -0.38
(-1.04,
0.28)

-1.56 (-29.21,
26.10)

n.a. n.a. n.a. n.a.
3.27

(1.84,5.83)

n.a.

VLI vs LI -0.09
(-0.76,
0.59)

16.91 (-11.91,
45.74)

n.a. n.a. n.a. n.a.
2.33 (0.99,5.49)

n.a.

VLI vs MI -0.25
(-0.96,
0.46)

26.10 (-2.50,
54.70)

n.a. n.a. n.a. n.a. n.a. n.a.

VLI vs SI -0.19
(-0.77,
0.39)

17.81 (-7.35,
42.97)

n.a. n.a. n.a. n.a.
1.88 (0.70,5.10)

n.a.

VLI vs Intra -0.11
(-0.81,
0.60)

6.92 (-24.37,
38.21)

n.a. n.a. n.a. n.a. n.a. n.a.

VLI vs Peri -0.16
(-0.95,
0.63)

26.10 (-2.50,
54.70)

n.a. n.a. n.a. n.a. n.a. n.a.

Peri vs Control -0.19
(-0.50,
0.12)

-21.81
(-42.52,
-1.10)

n.a.
0.04 (0.00, 0.76)

n.a. n.a. n.a.
0.34 (0.07,1.55)

Peri vs LI 0.07 (0.38,
0.53)

-3.34 (-25.59,
18.92)

n.a.
0.16 (0.01, 3.07)

n.a. n.a. n.a.
0.51 (0.05,5.14)

Peri vs MI -0.09
(-0.43,
0.25)

5.85 (-13.73,
25.43)

n.a.
1.01 (0.38, 2.65)

n.a. n.a. n.a.
1.43 (0.29,7.03)

Peri vs SI -0.03
(-0.56,
0.50)

-2.44 (-25.51,
20.63)

n.a.
0.15 (0.01, 3.10)

n.a. n.a. n.a.
0.93 (0.17,4.94)

Peri vs Intra 0.05
(-0.45,
0.56)

-13.33
(-30.06, 6.41)

n.a.
0.60 (0.26, 1.41)

n.a. n.a. n.a.
1.09 (0.12,10.02)

MI vs Control -0.09
(-0.50,
0.32)

-27.66
(-37.19,
-18.13)

-114.20
(-179.93,
-48.48)

0.04 (0.00,0.65)
0.28 (0.12,

0.65)
0.42 (0.17, 1.08)

n.a.
0.24 (0.10,0.57)

MI vs LI 0.16
(-0.14,
0.47)

-9.19 (-21.71,
3.34)

-80.65
(-161.67,
0.37)

0.16 (0.01,2.60)
1.12 (0.38,

3.28)
2.04 (0.42, 9.79)

n.a.
0.36 (0.05,2.51)

MI vs SI 0.06
(-0.35,
0.47)

-8.29 (-21.88,
5.30)

-77.54
(-170.22,
15.13)

0.15 (0.01, 2.63)
0.99 (0.31,

3.18)
1.30 (0.35, 4.82)

n.a.
0.65 (0.21,1.96)

MI vs Intra 0.14
(-0.23,
0.52)

-19.18
(-34.50,
-3.85)

-45.31
(-143.42,
52.81)

0.60 (0.27,1.34)
n.a. n.a. n.a.

0.76 (0.12,4.80)

SI vs Control -0.13
(-0.40,
0.14)

-19.37
(-30.84,
-7.89)

-36.66
(-101.98,
28.66)

0.27 (0.13,0.54)
0.29 (0.12,

0.68)
0.33 (0.13, 0.83) 1.74 (0.55,5.49) 0.37 (0.18,0.74)

SI vs LI 0.10
(-0.24,
0.45)

-0.90 (-14.96,
13.17)

-3.11 (-83.76,
77.55)

1.03 (0.45,2.40)
1.14 (0.38,

3.42)
1.57 (0.33, 7.45) 1.24 (0.74,2.06) 0.55 (0.08,3.59)

SI vs Intra 0.08
(-0.32,
0.49)

-10.89
(-29.49, 7.71)

32.23 (-65.36,
129.83)

4.00 (0.20,78.47)
n.a. n.a. n.a.

1.17 (0.20,6.85)

(Continued)
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regimens (Figure 2F). Because inconsistency examination is not

applicable to this outcome, we used a consistency model to estimate

the relative efficacy of various regimens. As shown in Table 2, except

for MI, SI and LI were associated with fewer endodiathermy

applications compared to the control regimen; however, no

statistical difference was found in the remaining comparisons.

According to ranking probabilities based on SUCRA, LI ranked first

(84.0%), followed by SI (64.5%), MI (49.9%), and control (1.6%), as

shown in Figure 3F.
Meta-analysis of silicone oil tamponade

Silicone oil tamponade was reported in seven studies (33–36, 41, 42,

46), involving 405 patients and four regimens (Figure 2G). Because

inconsistency examination is not applicable to this outcome, we used a

consistencymodel to estimate the relative efficacy of various regimens. As

shown in Table 2, VLI was associated with more silicone oil tamponade

compared to the control regimen (RR: 3.27, 95%CI, 1.84 to 5.83);

however, no statistical difference was found in the remaining
Frontiers in Endocrinology 08104
comparisons. According to ranking probabilities based on SUCRA, LI

ranked first (86.0%), followed by SI (67.4%), VLI (42.1%), and control

(4.5%), as shown in Figure 3G.
Meta-analysis of postoperative
vitreous hemorrhage

Postoperative vitreous hemorrhage was reported in ten studies (30,

31, 34, 35, 37–39, 43–45), involving a total of 666 patients and six

regimens (Figure 2H). We used a consistency model to estimate the

relative efficacy of various regimens because inconsistency examination

revealed the absence of global inconsistency (Supplementary Figure 2D)

and local inconsistency (Supplementary Table 3). MI and SI were

associated with fewer postoperative vitreous hemorrhages compared to

the control regimen, as shown in Table 2; however, no statistical

difference was found in the remaining comparisons. According to

ranking probabilities based on SUCRA, MI ranked first (77.9%),

followed by intraoperative IVC (62.7%), perioperative IVC (59.4%), SI

(57.6%), LI (32.0%), and control (10.3%), as shown in Figure 3H.
TABLE 2 Continued

Comparisons BCVA,
LogMAR

Operation
time, min

Central
macular
thickness,

mm

Intraoperation
bleeding, n

Iatrogenic
retinal

breaks, n

Endodiathermy
application, n

Silicone oil
tamponade,
n

Vitreous
hemorrhage,

n

Intra vs LI 0.02
(-0.28,
0.32)

9.99 (-7.29,
27.28)

-35.34
(-121.83,
51.15)

0.26 (0.01,4.84)
n.a. n.a. n.a.

0.47 (0.04,5.06)

Intra vs Control 0.19
(-0.18,
0.56)

-8.48 (-23.73,
6.77)

-68.89
(-141.48,
3.69)

0.07 (0.00,1.20)
n.a. n.a. n.a.

0.31 (0.06,1.58)

LI vs Control -0.29
(-0.44,
-0.15)

-18.47
(-26.61,
-10.34)

-33.55
(-80.87,
13.77)

0.26 (0.16,0.41)
0.25 (0.13,

0.50)
0.21 (0.06, 0.73) 1.40 (0.50,3.94) 0.67 (0.12,3.81)
BCVA, best corrected visual acuity; LogMAR, logarithm of the minimal angle of resolution; VLI, very long interval; LI, long interval; MI, mid interval; SI, short interval; Intra, intraoperative;
Peri, perioperative.
Numbers in bold font indicates statistical significance. n.a., not applicable.
FIGURE 3

SUCRA plots of all outcomes, including BCVA (A), operation time (B), central macular thickness (C), intraoperative bleeding (D), iatrogenic retinal breaks
(E), endodiathermy application (F), silicone oil tamponade (G), and vitreous hemorrhage (H). VLI, very long interval; LI, long interval; MI, mid interval; SI,
short interval; Intra, intraoperative; Peri, perioperative; BCVA, best corrected visual acuity.
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Loop-closed inconsistency

Among eight target outcomes, the evidence maps of four

outcomes covered loop-closed. As shown in Supplementary Table 4,

loop-closed inconsistency was present for BCVA but not for

operation time, iatrogenic retinal breaks, and postoperative

vitreous hemorrhage.
Publication bias

As shown in Supplementary Figure 3, all results reject the

hypothesis of the existence of a small study effect, as all plots were

visually symmetric.
Discussion

As far as we know, this is the first study to ascertain the

comparative efficacy of different timings of conducting IVC as an

adjuvant to PPV on PDR by introducing the network meta-analysis

technique. In the present network meta-analysis, the pooled results

showed that the application of IVC in patients with PDR immediately

after the PPV does not achieve additional therapeutic benefit.

However, the application of IVC in patients with PDR before PPV,

especially long and mid intervals, significantly increases the efficacy

and safety of PPV.

The current network meta-analysis suggests that clinical

practitioners may consider administering Conbercept before PPV to

improve intraoperative and postoperative outcomes in patients with

PDR. However, overly long interval between administration of IVC

and PPV is associated with an increased need for silicone oil

tamponade, so clinical workers need to weigh carefully regarding

the timing of preoperative application. There is no consensus about

the exact reasons for the different treatment responses at different

intervals of IVC administration before PPV. Previous studies reveal

possible effects of various intervals of performing IVC on clinical

outcomes in patients undergoing PPV. Du and colleagues observed an

immediate and rapid increase in the concentration when injecting

Conbercept to treat hyperglycemic mouse eyes, with a decrease

beginning on the seventh day after injection (48). Previous studies

also suggested that administration of IVC seven days before PPV

benefits achieving the best surgical outcomes (49, 50). This evidence

partially explains why very-early preoperative IVC did not produce

better surgical outcomes than other strategies. However, the specific

reasons for the differences between preoperative, intraoperative, and

perioperative IVC remain inconclusive. As a result, future research

should investigate the underlying mechanisms by which IVC

administration results in different clinical outcomes in PDR patients

receiving PPV at different intervals.

To date, three meta-analyses (51–53) have investigated IVC’s

therapeutic efficacy and safety on PPV for patients with PDR. The

meta-analysis by Pranata and Vania (52) concluded that, compared to

PPV alone, PPV combined with IVC was associated with greater

improvement in BCVA, better intraoperative outcome, and less
Frontiers in Endocrinology 09105
postoperative vitreous hemorrhage. The efficacy and safety of

preoperative IVC as an adjunct to PPV in the treatment of PDR

were also assessed in a meta-analysis by Si et al. (53). The results of a

combined study of 23 studies (including 11 RCTs, 2 cohort studies,

and 10 case-control studies) showed that preoperative IVC

significantly shortened the average operation time and decreased

the incidences of intraoperative bleeding, iatrogenic retinal breaks,

and postoperative vitreous hemorrhage. We should note that two

previous meta-analyses integrated the results from studies with

different types of designs to estimate the efficacy and safety of IVC,

which inevitably introduced bias to pooled results. Following the

previous meta-analyses, another meta-analysis (51) with RCTs was

performed to evaluate IVC’s efficacy in PPV for patients with PDR.

The pooled results of eight studies suggested that IVC was associated

with less intraoperative bleeding and endodiathermy applications,

shorter surgical time, and better BCVA outcomes. Overall, three

previous meta-analyses consistently supported IVC’s therapeutic

efficacy and safety in PPV for patients with PDR. Although the

previous meta-analysis noted the preoperative and intraoperative

application of IVC, separate analyses were not performed according

to the intervals of administering IVC. More importantly, the

differences between preoperative and intraoperative IVC were

not evaluated.

In contrast to earlier network meta-analyses, the current one only

used RCTs to evaluate therapeutic efficacy and safety, greatly reducing

the bias introduced by the study design. Furthermore, our network

meta-analysis first designed a separate analysis to investigate the role

of different intervals of administering IVC in the treatment of PDR

and found that intraoperative application of IVC did not add

additional benefits to PPV in treating patients with PDR. Finally,

the present network meta-analysis also first classified the preoperative

application of IVC into four sub-phases, including very long interval,

long interval, mid interval, and short interval. It is noted that very

long interval was found to have no additional therapeutic benefits to

PPV but was associated with more application of silicone

oil tamponade.

In addition, compared to previous meta-analyses, the current

network meta-analysis also offers the following advantages in terms of

methodology: (a) We retrieved all currently available eligible studies

by employing a thorough literature retrieval strategy; (b) We could

estimate the relative differences of various intervals of preoperative

IVC using network meta-analysis; and (c) All the regimens were

ranked using the SUCRA method, making it easier to choose the best

regimen for clinical use.

Our pooled results should be interpreted with caution due to the

following limitations: (a) This network meta-analysis only included a

small number of eligible studies with small sample sizes, which may

have a significant negative impact on the robustness of all pooled

results; (b) Because all studies were conducted in China, results

should be cautiously used in other clinical contexts before being

further validated; (c) There was inconsistency between direct and

indirect evidences which were used to estimate the relative efficacy in

improving BCVA of all regimens; therefore, the pooled result of this

outcome should be cautiously interpreted; (d) Three types of PPV

were used in eligible studies; however, we could not perform subgroup
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analysis to eliminate the negative impact of type of PPV on the pooled

results because there were limited studies were included in this

network meta-analysis; and (e) Only two of the eight outcomes we

examined covered all regimens, and it worth noting that there was no

statistical difference between mid interval and perioperative IVC in

terms of postoperative vitreous hemorrhage although ranking

probability suggested more higher ranking for mid interval. SUCRA

cannot show whether the difference between treatments is clinically

meaningful. Therefore, more studies with larger sample sizes are

required to evaluate the difference between different strategies,

especially in postoperative vitreous hemorrhage between mid

interval and perioperative IVC.

Our findings showed that using intraoperative IVC as an adjuvant

to PPV does not achieve additional benefits for treating PDR. But

preoperative IVC as an adjuvant to PPV, especially long and mid

intervals of injecting IVC before performing PPV, achieves significant

intraoperative and postoperative benefits in treating PDR, except for

very long interval. However, additional studies are undoubtedly

needed to validate our findings further.
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SUPPLEMENTARY FIGURE 1

Risk of bias assessment based on traffic light plot (A) and summary plot (B).

SUPPLEMENTARY FIGURE 2

Global consistency model test for BCVA (A), operation time (B), iatrogenic
retinal breaks (C), and vitreous hemorrhage (D). BCVA; best corrected
visual acuity.

SUPPLEMENTARY FIGURE 3

Comparison-adjusted funnel plots of all outcomes.
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Aim: Targeted retinal photocoagulation (TRP) is an emerging laser technology for

retinal targeted therapy. TRP can specifically act on unperfused retinal capillaries

and retinal intermediate ischemic areas, reduce damage to tissue perfusion areas

and panretinal photocoagulation (PRP) complications or adverse events. In this

regard, this review discusses the treatment options, efficacy, and latest progress

of TRP for diabetic retinopathy (DR) based on randomized controlled trial (RCT),

meta-analysis, case review, and other existing studies.

Methods: In-depth research was conducted on articles about the proposal and

development of TRP, its simple application in DR, and combined therapy. In order

to review the new progress, applicationmethods, effects, and prospects of TRP in

the treatment of DR, the articles related to TRP in the databases of PubMed and

Web Of Science since this century were comprehensively analyzed.

Results: TRP is effective in treating DR and may become a substitute for PRP in

the future. In addition, the treatment regimen of TRP combined with intravitreal

injection of anti-vascular endothelial growth factor (anti-VEGF) drugs can also be

used as a new therapeutic approach to expand the treatment regimen for the

treatment of DR, and this combination therapy also has effects on other retinal

vascular diseases.

Conclusions: With the advancement of technology, TRP has been continuously

applied in clinical practice, and its potential benefits have opened up broad

prospects for the treatment of DR. The combination therapy of TRP and anti-

VEGF is expected to become a new option for patients with DR an retinal diseases.

KEYWORDS

diabetic retinopathy, targeted retinal photocoagulation, retinal vascular disease, retina,
laser, treatment
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1 Introduction

The effects of laser interaction with retinal tissue have long been

mentioned, in the 1940s when German ophthalmologist Meyer-

Schwickerath pioneered retinal photocoagulation (1, 2). For more

than 40 years, retinal photocoagulation has been used as the

standard choice for the treatment of retinal vascular diseases and

complications, mainly including proliferative diabetic retinopathy

(PDR), diabetic macular edema (DME), retinal vein occlusion

(RVO) and retinal tears, etc (Figure 1).

The scope of traditional PRP is mainly distributed in the middle

and peripheral part of the retina, 1.5-2 optic disc diameters (DD)

posteriorly from the optic disc and 2 DD temporally from the fovea,

bounded by the superior and inferior vascular arches; forward to the

ampulla of the vortex vein (or equator). Currently, PRP is the gold

standard for the treatment of extensive areas of non-perfusion

(suggesting severe retinal ischemia) (Diabetic Retinopathy

Research Group 1981) (3), as well as the main method for the

treatment of severe nonproliferative diabetic retinopathy (NPDR)

and PDR. However, due to the photochemical damage of the laser,

panretinal laser photocoagulation causes more damage to the ocular

tissue, and its side effects include hemorrhage, choroidal

detachment, acute angle-closure glaucoma, decreased color vision

and contrast sensitivity, night blindness, lens burn (4–6) and

permanent retinal scarring resulting in blind spots, etc. The

occurrence of these complications is closely related to laser

parameters such as increased duration and power and intensive

treatment in a single session, which all lead to increased diffusion of

thermal energy within the retina and choroid (7).
2 Materials and methods

The databases of PubMed, Web of Science were searched using

the following keyword combinations: Targeted Retinal

Photocoagulation, TRP, Diabetic Retinopathy, Retinopathy.

Related articles discuss the effects of various treatment options of

TRP in DR and other common retinopathy through RCT, meta-

analysis, case review and other research methods. Inclusion criteria

included full text, English and publications from this century.

Articles were initially selected by searching for titles and abstracts.
Frontiers in Endocrinology 02109
The full text of the papers was reviewed and papers with titles or

abstracts that did not fit the purpose of this review or did not

provide sufficient data for a full evaluation were excluded. To

complement the search, citations to relevant articles were also

collected, and we got 23 qualified publications (Figure 2). We

grouped all obtained studies into application of TRP in DR and

other retinopathy (RVO and radiation retinopathy), summarized

and analyzed the main research contents of TRP in treating DR in

chronological order (Table 1). To try to explore the effects and

potential benefits of these treatment schemes.
3 Results

3.1 Progress of TRP

In 2009, Reddy et al. improved on the basis of panretinal laser

photocoagulation and designed a peripheral laser strategy assisted

by ultra-wide-angle fluorescein angiography (8),to reduce the

damage to the retina caused by panretinal laser photocoagulation,

which is also the prototype concept of targeted retinal

laser photocoagulation.

TRP is a laser technology aimed at the peripheral non-perfusion

and ischemic areas of the retina, and the laser area is determined

according to the degree and progression of the patient’s retinopathy.

To ensure coverage of the entire ischemic area and its margins

(usual ly suspected of having high-density or leaking

microaneurysms), the laser extends 1-2DD of the laser scan over

the peripheral ischemic and non-perfused areas. Compared with

panretinal laser photocoagulation, targeted retinal laser

photocoagulation is more targeted to the treatment area and has

fewer laser points, so it can minimize the amount of laser treatment

and reduce the occurrence of ocular adverse events caused by retinal

photocoagulation rate.

The value of ultra-wide-angle fluorescein fundus angiography

(UWFFA) and ultra-wide-angle swept-frequency optical coherence

tomography (WF SS-OCTA) in TRP. Since the key of TRP

treatment is to accurately treat the non-perfused and ischemic

areas of the retina, accurate positioning of the entire ischemic

area of the retina is the primary condition for the successful

treatment of targeted lasers. Visualization of the entire retina is

fundamental to assess non-perfused areas, vascular leakage,
FIGURE 1

Advances in targeted retinal photocoagulation in the treatment of diabetic retinopathy.
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microvascular abnormalities, and neovascularization, and ultra-

wide-field (UWF) imaging improves retinal visualization by up to

82% in a single image (15).

Fluorescein angiography (FA) has been used for 50 years in the

evaluation of superficial retinal vascular abnormalities in different

stages of DR. In order to expand the inspection field, people

currently mainly choose to use wide-field (>30° and >200°) and

UWF (≥200°) fundus angiography and UWFFA (16). Since

UWFFA can capture a 200° area and can view the posterior pole,

central peripheral and peripheral fundus, in another study it was

confirmed that the capillary non-perfusion (CNP) area detected by

UWFFA in patients with DR was 3.9 times that of conventional

angiography (17). Thus, UWFFA is an important aid for the

successful implementation of targeted lasers.

With the advent of optical coherence tomography angiography

(OCTA), it has become possible to obtain highly detailed depth-

resolved images of retinal and choroidal microvascular

abnormalities. While early OCTA focused on viewing the macular

region, WF SS-OCTA significantly increases the field of view (FOV)

at the retinal surface, and WF SS-OCTA has been shown to be

effective in identifying diabetic retinopathy (18, 19). Two case

analyses reported the correspondence and superiority of WF SS-

OCTA relative to UWF FA in longitudinal assessment of retinal

nonperfusion (RNP) in PDR, with higher detection rates in NP

areas after anti-VEGF drug injection treatment (20), and provided

important insights into the stability of retinal ischemia after PRP
Frontiers in Endocrinology 03110
(21). However, there is no clinical report on TRP assisted by WF

SS-OCTA.
3.2 Clinical application of TRP

3.2.1 TRP for DR
3.2.1.1 TRP therapy

DR is the main cause of blindness in diabetic patients, and the

main pathological change in blindness is neovascularization. At

present, the main method for the treatment of retinal

neovascularization is retinal photocoagulation. Since this century,

the research of TRP has increased year by year. Researchers have

comprehensively explored the therapeutic effect and safety of TRP

on DR through combined treatment, comparative control and other

methods (Table 2). In 2009, the University of California reported

two cases of UWFFA-assisted targeted laser treatment of diabetic

retinopathy (8). For both patients, 532 nm laser was accurately

applied to the ischemic area displayed and clearly demarcated by

UWFFA for a total of 1000-1400 times. This treatment technology

first entered the public eye as an individualized treatment plan:

retinal angiography found that TRP successfully regressed retinal

neovascularization in two patients. At 9-month follow-up, the

patients’ vision was maintained and there was no recurrence of

neovascularization and macular edema. In a clinical trial reported in

the United Kingdom in 2013 (3), 20 newly treated patients with

PDR were treated with TRP alone. The results of the study show

that in the short term (12 weeks to 24 weeks), its clinical efficacy and

safety are worthy of recognition:76% of patients experienced PDR

regression at week 12; patients’ vision and visual field did not

worsen or even improved; macular thickness was significantly

reduced (mean baseline 251 mm, 12.1 mm at 24 weeks); disease

progression was slow, and no TRP-related ocular adverse events

occurred during the study period.

3.2.1.2 Ultra-wide-angle assisted guidance TRP

The visual field of fluorescein angiography of the standard

fundus camera is 30 – 60°. It is necessary to take different images

at different times in the study to image the periphery of the retina.

This makes it very difficult to accurately delineate retinal capillary

non-perfusion and accurately apply photocoagulation within the

ischemic boundary. UWFFA is a very useful tool in the diagnosis,

staging, management and treatment of DR (22). UWFFA can

display more retinal pathology even in eyes judged as normal by

7 standard field (7SF) (16). In 2008, Friberg et al (23). first reported

the feasibility of UWFA in 30 eyes of 30 DR patients. Compared

with the standard system, they observed that UWFA allowed

imaging of a larger area of retinal surface (8.7 ± 1.6 vs 3.4 ±

0.76DD, P<0.001) and retinal ischemia (16.9 ± 15 vs 3.4 ± 4.26

sectors, P<0.05), although the image quality was reduced. Then in

2009, the first case report (8) of TRP and UEFFA mentioned that

under UWFFA, the non-perfusion area and its boundary of the

patient’s retinal capillaries could be identified very accurately,

providing a clearer and more discernible field of vision for the

application of TRP. UWFFA can initially and accurately locate the
FIGURE 2

Flow diagram of systematic search.
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non-perfusion area of retinal capillaries in a 200° field of vision at

the early stage of application. In 2013, Muqi et al. (3) evaluated the

effect of UWFFA-guided TRP in the eyes of 28 PDR patients. At 12

weeks, 76% of patients had PDR regression, and 37% had complete

disease regression at 24 weeks. They found that the thickness of the

central retina decreased significantly over time, measured by optical

coherence tomography (22). With the gradual maturity of the

UWFFA program, as an assistant retinal examination tool, it has

been more and more widely used in clinical work. However, the

specific use standards for its joint application with TRP still need to

be further clarified through large-scale research in the future.

3.2.1.3 Compared with panretinal photocoagulation

The primary difference between targeted retinal laser and

panretinal laser photocoagulation is that the narrowing of the

laser range results in a significant reduction in the number of

laser spots on the retina. In all randomized controlled clinical trials,

regardless of whether the targeted laser range is specified as “optos-

guided TRP treatment covered the area of capillary non-perfusion
Frontiers in Endocrinology 04111
from the ora serrata up to 1 DD into perfused retina (10)”,

“navigated, semi-automatic pattern laser application was

conducted based on the treatment plan (9)” or “capillary non

-perfusion and intermediate ischemic zones posterior to the

equator as well as the entire retina anterior to the equator (12)”,

the TRP has significantly fewer laser spots (9, 12) or lower power

(10). In this regard, the visual analog scale was used to quantify the

degree of pain in the treatment of patients, and it was found that the

pain of TRP was significantly lower than that of PRP.

For the improvement of visual function, both treatment

modalities improved visual acuity and mean visual field defect in

the short term (4-12 weeks) but there was no significant difference

between the two (10); in the medium and long term (at least 3

months)) The mean best-corrected visual acuity (BCVA) after

treatment was significantly decreased, and the difference was not

significant (12). DME is a serious complication of DR and one of the

main causes of visual loss in DR patients, so central macular

thickness (CMT)/central retinal thickness (CRT) is also an

important research parameter. CMT decreased in the short term
TABLE 1 The historical process of the treatment of PDR with TRP.

Time Magazine Type Ideas Content Conclusion

2009
(8)

Semin
Ophthalmol.

Case Reports PRP may excessively damage the retina, so
consider using UWFFA and TRP to reduce
complications

Two cases of using
UWFFA to guide TRP to
the NPAs of retinal
capillary were reported
for the first time

When TRP is used in combination with
UWFFA, it can cause the regression of
neovascularization in diabetes and
minimize the amount of laser treatment
applied to the retina

2012
(9)

Clin
Ophthalmol.

Clinical Trial Accurate positioning during laser treatment
may help to improve the clinical results of
laser treatment

TRP was performed on
54 patients with DME by
using navigation laser
photocoagulation system
Navilas

The laser navigation effect is consistent
with the target area in positioning, and the
pain associated with treatment is
significantly lower than PRP

2013
(10)

Br J
Ophthalmol.

Randomized
Controlled
Trial

In order to reduce the adverse effects of laser
treatment, many experts began to use the
laser with lighter burn and lower intensity
than the original provisions of ETDRS to
treat patients

The short-term effects of
PRP and TRP on macular
thickness were compared

Local laser treatment did not increase the
macular thickness or any serious adverse
events in the eye in a short time

2013
(3)

Acta
Ophthalmol.

Clinical Trial Compared with PRP, TRP may prevent well-
perfused tissue from laser-induced tissue scar
formation

TRP of 28 patients with
PDR at the initial stage of
treatment with WFFA

TRP, a laser technology that only targets
the local ischemic retina, can reduce the
potential long-term damage associated with
the expansion of long-pulse PRP burn

2014
(11)

Invest
Ophthalmol Vis
Sci.

Randomized
Controlled
Trial

Find a technology to reduce DME recurrence
after intravitreal injection of anti-VEGF drugs
to avoid repeated injection

Apply IVB or IVB+TRP
to 52 DME patients

TRP for NPAs can effectively maintain the
reduced CRT after IVB

2018
(12)

Int
Ophthalmol.

Randomized
Controlled
Trial

ETRP procedure to treat areas of capillary
non-perfusion and intermediate ischemic
zones posterior to the equator as well as the
entire retina anterior to the equator

Apply PRP or ETRP to
234 PDR patients

ETRP is a sensible substitution for CPRP
to induce PDR regression.

2018
(13)

Ophthalmology. Clinical Trial To test the hypothesis that WFFA eguided
TRP significantly reduces the number of
required anti-VEGF injections

Apply IVR or IVR+TRP
to 29 DME patients

There was no significant evidence that the
combination of leizumab and TRP was
more effective compared to Leizumab
alone.

2021
(14)

Doc
Ophthalmol.

Randomized
Controlled
Trial

Compared with PRP, the leakage area of
neovascularization in PRP+IVR is reduced,
and more focal TRP is considered to reduce
the loss of retinal function

Applying IVR+PRP or
IVR+TRP to 28 PDR
patients

The reduction level of retinal
neovascularization leakage area by two
laser modes is similar in one year
PDR, proliferative diabetic retinopathy; TRP, targeted retinal photocoagulation; PRP, panretinal photocoagulation; UWFFA, ultra-wide-angle fluorescein fundus angiography; DME, diabetic
macular edema; ETDRS, early treatment of diabetic retiopathy study; WFFA, wide-angle fluorescein fundus angiography; anti-VEGF, anti-vascular endothelial growth factor; IVB, intravitreal
bevacizumab; NPAs, non-perfusion areas; CRT, central retinal thickness; ETRP, Extended TRP; CPRP, central panretinal photocoagulation; IVR, intravitreal ranibizumab.
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(4-12 weeks) after PTR treatment, and was not significantly

different from PRP; although a clinical trial (NCT01232179) (12)

reported that TRP or PRP alone was used to treat patients with early

or high-risk PDR after 3 months There is an increase in CMT, and

CMT thickening after laser treatment has been demonstrated in

many other studies (9, 24–26), but there is no difference in results

between the two laser modalities. In terms of safety, there were no

serious ocular complications or adverse events immediately after
Frontiers in Endocrinology 05112
TRP treatment, short-term or even mid-to-long term, and there

were no signs of intraretinal hemorrhage, vascular damage or

traction retinal detachment in the laser treatment area. There is

also no adjustment to the treatment regimen for patients treated

with TRP, such as switching to PRP.

Comparing the efficacy and safety of the two laser methods,

after analyzing many research parameters such as the number of

laser points, visual function, UWF, pain level, prognosis, and
TABLE 2 Summary of studies targeted retinal photocoagulation for diabetic retinopathy.

Study Patients Targeted laser range Outcomes of interest (primary and
secondary)

Follow-
up

period

Main conclusions

Shantan
Reddy et al.
(8)

A middle-aged
man with NPDR
in both eyes and a
middle-aged
woman with PDR
in the left eye

retinal ischemic area Ultra wide field fluorescein angiography 9 months TRP successful led to the regression
of the retinal neovascularization

Mahiul M
K Muqit
(3)

Treatment-naive
PDR (n=20)

areas of peripheral retinal
capillary non-perfusion
and intermediate zones of
perfused and non-perfused
retina

PDR grade; CRT; MD; standard V; ETDRS VA 24 weeks TRP has a satisfactory short-term
safety profile and is a promising
treatment option with no
deterioration in CRT, VA, or VF in
the affected eye after short-term
treatment

Mahiul M
K Muqit
(10)

Treatment-naive
PDR (n=24)

area of capillary non-
perfusion from the ora
serrata up to 1 DD into
perfused retina

Primary Outcome Measures: change in CRT on
OCT
Secondary Outcome Measures: OCT
peripapillary NFL thickness; PDR disease
regression on optos angiography; VF; VA

12 weeks high-density 20-ms TRP using 2500
burns did not produce increased
macular thickness or any ocular
adverse events during the short-
term

Marcus
Kernt (9)

DME (n=54) navigated, semi-automatic
pattern laser application

visual analog scale directly; Navilas color
images

1 months treatment-related pain following
Navilas laser photocoagulation was
significantly lower than pain
following conventional laser
treatment

Homayoun
Nikkhah
(12).

naïve early or
high-risk PDR
(n=234)

areas of capillary non-
perfusion and intermediate
ischemic zones posterior
to the equator as well as
the entire retina anterior
to the equator.

Primary Outcome Measures: early PDR
regression, specified as reduction in retinal
neovascularization based on WFFA at 3
months.
Secondary Outcome Measures: BCVA; CMT
changes.

3 months TRP may be an appropriate
alternative to PRP in PDR
regression at least through 3 months

David M
Brown (13)

DME (n=29) areas of nonperfused
peripheral retina plus a
1edisc area margin

Primary Outcome Measures: mean change in
ETDRS BCVA from baseline and number of
intravitreal injections administered
Secondary Outcome Measures: percentage of
patients gaining or losing 15 ETDRS letters or
more from baseline, mean change in CRT,
mean change in peripheral visualfield as
measured by GVF testing, and incidence and
severity of adverse events.

36
months

Combination therapy did not
reduce treatment burden and
improve vision compared with drug
injection alone, but may reduce the
development and incidence of
neovascular complications

Yoshihiro
Takamura
(11)

DME (n=52) nonperfused areas (NPAs) BCVA;CRT 6 months TRP for NPAs was effective to
maintain the reduced CRT after
grid/focal photocoagulation and IVB
for patients with DME

Luiza
Toscano
(14)

adult patients with
treatment-naive
PDR and a BCVA
better than 20/800
(n=23)

retinal ischemic areas Primary Outcome Measures: FLA of active new
vessels
Secondary Outcome Measures : BCVA;CSFT;
Number of Ranibizumab Intravitreal Injections;
Electroretinography

48 weeks PIR+IVR or PRP+IVR are
comparable strategies regarding FLA
control in PDR and led to similar
retinal function impairment
PDR, proliferative diabetic retinopathy; CRT, central retinal thickness; MD, mean deviation; TRP, targeted retinal photocoagulation; VF, visual fields; VA, visual acuity; NFL, nerve fibre layer;
PRP, panretinal photocoagulation; UWFFA, ultra-wide-angle fluorescein fundus angiography; DME, diabetic macular edema; ETDRS, early treatment of diabetic retiopathy study; WFFA, wide-
angle fluorescein fundus angiography; anti-VEGF, anti-vascular endothelial growth factor; IVB, intravitreal bevacizumab; NPAs, non-perfusion areas; IVR, intravitreal ranibizumab; FLA,
fluorescein leakage area; BCVA,best corrected visual acuity.
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adverse events, there may be no difference in the efficacy of the two

on DR. But TRP reduces retinal damage and preserves more healthy

retinas due to fewer laser points, which also improves patient

comfort. Therefore, TRP may be a future alternative to PRP to

some extent (27)

3.2.1.4 Combination therapy of TRP and vitreous anti-
VEGF drug injection

With the research on the pathophysiology of retinal vascular

diseases, the use of anti-VEGF drugs for the treatment of retinal

vascular diseases has become more and more popular. Such drugs

can bind tightly to VEGF to reduce vascular permeability and then

inhibit the formation of new blood vessels. Anti-VEGF is currently

the gold standard treatment for veno-occlusive macular edema,

especially BRVO (28). However, the short half-life of the drug

causes its concentration in the eye to drop rapidly and the

concentration in the vitreous cavity is unstable and the treatment

effect is short. Retinal neovascularization and macular swelling are

prone to recur after a single injection of anti-VEGF drugs (13).

Therefore, frequent intravitreal injections of anti-VEGF drugs are

required to control macular edema, which increases the likelihood

of adverse events such as endophthalmitis and retinal detachment.

Researchers have found in clinical trials that Through the combined

application of vitreous drug injection and targeted laser therapy, the

use of targeted laser can effectively reduce the frequency of drug

injections or improve the prognosis, which may achieve the purpose

of reducing the number of patient visits, costs and the risk of

adverse events.

Current studies have suggested that anti-VEGF drugs can

reduce retinal thickness, improve DME, and improve vision in

the treatment of DR, but require repeated injections for optimal

results. In this regard, in order to reduce the number of injections of

anti-VEGF drugs and reduce the occurrence of adverse events,

researchers considered the combined application of TRP and

intravitreal injection of anti-VEGF drugs. At present, two

controlled clinical trials have been completed in Japan

(UMIN000007566) and the United States (NCT01552408),

involving a total of 81 DME patients. Visual function and CRT

were mainly compared between patients receiving TRP and anti-

VEGF drugs in combination with patients receiving anti-VEGF

drugs alone. However, the results of the two trials are contradictory:

after a 6-month study by the Japanese team, it was found that the

average best corrected visual acuity (BCVA) of the combined

treatment group improved more significantly, And the CRT of

the patients in the injection-only group increased to a higher degree

at the 3rd, 4th, and 5th months (11);however, after a 3-year

Randomized DAVE Trial, the US team found that the combined

treatment group was not better than the single injection group in

terms of BCVA, visual field, CRT, and the number of injections, but

in In terms of safety, there were 5 new cases of new PDR-related

neovascularization in the drug injection group but no

endophthalmitis in the combined treatment group (13). The

difference in results between the two groups may be related to the

inclusion criteria, dosing schedule, and sample size. Compared with

the US study, the participants in the Japanese trial were injected
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with bevacizumab (1.25 mg IV bevacizumab: 0.3 mg IV

ranibizumab), which may explain the difference in results

between the two groups.

In addition, a controlled clinical trial (NCT03904056) (14)

reported by the São Paulo State University research team in 2021

compared the effect of PRP combined with intravitreal injection of

ranibizumab (IVR) and TRP combined with IVR in the treatment

of PDR. The results showed that there were no significant changes

in BCVA and central subfield thickness (CSFT) between the two

groups; the fluorescein leakage area of active new vessels (FLA) was

significantly reduced in the two groups, but there was no between-

group difference. In addition, we checked on the International

Clinical Trials Registry website (ClinicalTrials.gov) that the Cairo

University research team has initiated a RCT (NCT04674254),to

compare the changes of macular area in PDR patients receiving

anti-VEGF therapy combined with TRP or PRP therapy, and we

will continue to pay attention to this.

Overall, TRP helps to improve DME recurrence after vitreous

drug injection, additional laser may help to suppress VEGF

production in the ischemic area, and combination therapy of TRP

and anti-VEGF drugs may help reduce the frequency of vitreous

drug injections, patient treatment costs, number of clinic visits, and

adverse events (eg, endophthalmitis, retinal detachment).

3.2.2 TRP of other retinopathy
In addition to DR, the researchers also studied the therapeutic

effects of TRP on other retinopathy. We mainly analyzed the effects

of TRP on RVO and radiation retinopathy (Table 3). Studies have

found that RVO is the second most common retinal vascular

disease, and macular edema is a common complication of this

disease and the main cause of reduced vision. Therefore, improving

macular edema is a key link in the treatment of this disease. The

researchers selected patients with RVO and macular edema (ME)

who met the treatment criteria to conduct individualized treatment

for a single case or controlled clinical trials with different durations

of 6 months, 9 months, and 12 months have been carried out

successively (28–30, 32).A total of 101 patients were enrolled, and

the efficacy and safety of TRP combined with anti-VEGF drug

injection and drug injection alone were compared.

First, all patients showed significant improvement in visual

function, in terms of BCVA: the mean increase in Early Treatment

of Diabetic Retiopathy Study (ETDRS) letters in the RBZ group in

the comparative trial with ranibizumab (RBZ) was 25.7 ± 8.2 (95%

CI: 21.5–29.9), RBZ + TRP group was 23.38 ± 7.6 (95% CI: 19.3–

27.4) (28); in the comparative trial of intravenous bevacizumab

(IVB), the BCVA of the IVB+TRP group gradually improved and

reached a significant level at 6 months, However, there was no

significant improvement in the IVB group (30). In addition, the

mean contrast sensitivity and visual field of the patients were

significantly improved under both treatment regimens (28), and

there were no disease progression or adverse events related to TRP

or intravitreal injection, such as infectious ophthalmia, intravitreal

hemorrhage, neovascularization, retinal detachment, etc. Second,

patients’ mean CRT (or CMT) continued significant improvement

(28–30). Finally, the combined application of TRP can reduce the
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number of injections as needed: the number of additional injections

of bevacizumab in the IVB group was significantly greater than that

in the IVB+TRP group (1.58 ± 0.69:0.83 ± 0.62); the RBZ group was

also more frequent than the RBZ group. + TRP group (5.76 ±

1.3:4.06 ± 0.99), the above differences were all statistically

significant. Therefore, compared with single drug injection, the

combination therapy with TRP can achieve similar efficacy or even

better prognosis on the basis of Reduce the number of injections,

and reduce the development and recurrence of ME caused by RVO.

We also found on the International Clinical Trials Registry

website (ClinicalTrials.gov) that the research team at the University

of Leipzig has initiated a clinical trial comparing injection of

ranibizumab with or without targeted photocoagulation in the

treatment of central RVOwith macular edema (NCT04444492),

which is expected to be completed in 2024, and the author will

continue to pay attention to the progress and results of the trial.

Radiation retinopathy is a common, progressive visual side

effect of ophthalmic radiation therapy for intraocular or orbital

tumors. It typically presents as late-onset disease of the retinal

vasculature between 6 months and 3 years after radiation therapy,

with clinical signs of macular edema, cotton wool spots,

neovascularization, and/or vitreous hemorrhage, which has a

serious impact on the vision of patients (31, 33–36). Therefore,

Hannah J Yu et al. (31) also tried to treat the disease with TRP. This

randomized controlled clinical trial (NCT0222610) included 40

patients with radioactive ME, and compared the efficacy and

tolerance of intraocular injection of RBZ and RBZ+TRP in the
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treatment of patients with radioactive retinopathy. After 2 years of

treatment and follow-up, it was found that the average ETDRS

BCVA of patients improved after 1 year, but the effect of combined

treatment was not significantly better than that of injection alone.

The trial found that additional TRP did not bring significant visual

and anatomical improvement to patients, but it may prevent serious

complications during treatment. Because there are few clinical trials

related to this disease at present, a large number of clinical trials are

still needed to confirm the efficacy and safety of TRP for this disease.
4 Conclusions

DR is one of the serious complications of diabetes and one of

the four major blindness diseases in Europe and the United States.

Although anti-VEGF therapy is widely used in DR and some retinal

diseases, retinal laser photocoagulation remains the main treatment

option for these diseases (37). Traditional PRP has some side effects

due to the damage to eye tissue caused by laser light. With the

advancement of technology, TRP has been continuously applied in

clinical practice, and its potential benefits have opened up broad

prospects for the treatment of DR. The combination therapy of TRP

and anti-VEGF is expected to become a new option for patients

with DR and some retinal diseases (such as RVO, radiation

retinopathy, etc.). It is believed that with the advancement of

science and technology, new treatment methods and approaches

will surely bring new hope to DR patients.
TABLE 3 Summary of studies targeted retinal photocoagulation for retinal vein occlusion and radiation retinopathy.

Study Patients Targeted laser
range

Outcomes of interest (primary and sec-
ondary)

Follow-
up

period

Main conclusions

Siddhi Goel
(28)

treatment
naïve
BRVO
with ME
(n=32)

the CNP areas and at
the junction of
ischemic and
nonischemic areas,
extending anteriorly
up to ora serrata

VA; CSFT; the number of injections required with a
minimum follow-up of 9 months

9 months TRP reduced the number of ranibizumab
injections in patients with BRVO
macular edema, while maintaining
similar benefits to the combination arm
in improving BCVA, CSFT, and contrast
sensitivity

Soonil
Kwon (29)

RVO with
recurrent
ME
(n=30)

areas of retinal non-
perfusio outside of the
macula, no closer than
two disc diameters
from the optic nerve
head

Primary Outcome Measures: Total Number of
Intravitreal Injections Over a 12 Month Period;VA
Secondary Outcome Measures: Retinal Ischemia;
Foveal Avascular Zone; Adverse Events;
Neovascularization of the Iris, Optic Nerve and
Elsewhere; Central Foveal Outcome; Aqueous VEGF
Levels;VF

12
months

The role of TRP, particularly to NPAs
and PMA, warrants further investigation
in recalcitrant RVO-associated ME

Yoko
Tomomatsu
(30)

BRVO
with ME
(n=38)

NPAs 3000mm away
from the centre of the
fovea

BCVA;CRT 6 months RP of NPAs reduced the amount of ME
recurrence following IVB compared to
IVB alone

Hannah J.
Yu (31)

radiation-
related
ME
(n=40)

areas of peripheral
retinal ischemia as
defined by wide-field
angiography

Primary Outcome Measures: BCVA
Secondary Outcome Measures: The Mean Number of
Intravitreal Injections; Percentage of Subjects With
Retinal Hemorrhage; Percentage of Subjects With
Intraretinal Exudates on Fundus Examination; Mean
Change in Central Mean Thickness Compared to
Baseline

104
weeks

Combination therapy did not result in
significant visual and anatomical
improvement over monthly medical
therapy alone, but compared with
history, serious complications were
prevented
BRVO, retinal vein occlusion; ME, macular edema; TRP, targeted retinal photocoagulation; VA, visual acuity; CSFT, central subfield thickness; VEGF, vascular endothelial growth factor; VF, visual
fields; RVO, retinal vein occlusion; BCVA, best corrected visual acuity; CRT, central retinal thickness; RP, retinal photocoagulation; IVB, intravitreal bevacizumab; NPAs, non-perfusion areas.
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Development and validation
of a diabetic retinopathy risk
prediction model for middle-
aged patients with type 2
diabetes mellitus

Gao-Xiang Wang1,2†, Xin-Yu Hu2,3†, Heng-Xia Zhao2,
Hui-Lin Li2*, Shu-Fang Chu2* and De-Liang Liu2*

1Department of Endocrinology, Shenzhen Traditional Chinese Medicine Hospital Affiliated to Nanjing
University of Chinese Medicine, Shenzhen, Guangdong, China, 2Department of Endocrinology,
Shenzhen Traditional Chinese Medicine Hospital, Shenzhen, Guangdong, China, 3Department of
Endocrinology, The Fourth Clinical Medical College of Guangzhou University of Chinese Medicine,
Shenzhen, Guangdong, China
Objectives: The study aims to establish a predictive nomogram of diabetic

retinopathy(DR) for the middle-aged population with type 2 diabetes mellitus

(T2DM).

Methods: This retrospective study screened 931 patients with T2DM between 30

and 59 years of age from the 2011-2018 National Health and Nutrition

Examination Survey database. The development group comprised 704

participants from the 2011-2016 survey, and the validation group included 227

participants from the 2017-2018 survey. The least absolute shrinkage and

selection operator regression model was used to determine the best predictive

variables. The logistic regression analysis built three models: the full model, the

multiple fractional polynomial (MFP) model, and the stepwise (stepAIC) selected

model. Then we decided optimal model based on the receiver operating

characteristic curve (ROC). ROC, calibration curve, Hosmer-Lemeshow test,

and decision curve analysis (DCA) were used to validate and assess the model.

An online dynamic nomogram prediction tool was also constructed.

Results: The MFP model was selected to be the final model, including gender,

the use of insulin, duration of diabetes, urinary albumin-to-creatinine ratio, and

serum phosphorus. The AUC was 0.709 in the development set and 0.704 in the

validation set. According to the ROC, calibration curves, and Hosmer-Lemeshow

test, the nomogram demonstrated good coherence. The nomogram was

clinically helpful, according to DCA.

Conclusion: This study established and validated a predictive model for DR in the

mid-life T2DM population, which can assist clinicians quickly determining who is

prone to develop DR.

KEYWORDS

prediction model, nomogram, diabetic retinopathy, middle-aged, type 2
diabetes mellitus
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Introduction

Diabetic retinopathy (DR) is a usual microvascular

complication of type 2 diabetes mellitus (T2DM), one of the

major reasons for blindness (1). According to The Global Burden

of Disease Study, DR was the only cause of age-standardized vision

loss to increase over the past three decades (2). Over 103.12 million

adults worldwide were diagnosed with DR in 2020, and with the

prevalence of diabetes increasing at an alarming rate, it is estimated

that the world DR population will grow by 55.6%(57.4 million)

between 2020 and 2045 (3). A prevalence-based cost-of-illness

model estimates that Indonesia will spend $8.9 billion on the

healthcare of DR in 2025 (4). As DR is often asymptomatic until

the later, even more, severe stages, early diagnosis, and intervention

are essential and more cost-effective for public health and

healthcare costs (5–7).

DR prevalence has been discussed in some studies in different

age groups of T2DM. The ADVANCE Collaborative group (8) has

reported that the course of diabetes is independently related to the

risk of microvascular complications, and diabetes duration has a

more significant impact on younger people than on older people.

Middleton et al. (9) have found that DR seems more susceptible in

people diagnosed with T2DM in middle age (or with a younger

present age), and the odds of DR decreased with increasing age at

diagnosis. They considered this difference to be caused by reducing

insulin-like growth factor 1 and growth hormone with increasing

age. DR is more likely to occur in the middle-aged population after

diagnosis of T2DM than in the elderly (10), so a more targeted

prediction model and intervention strategy are needed.

Several prediction models have been applied to the

identification and diagnosis of DR (11–13). However, these

prediction models were constructed for almost all age groups.

They have shortcomings in predicting the development of DR in

different age groups. This will limit their ability to stratify individual

patients according to risk level and select the optimal treatment. To

our knowledge, there is a lack of predictive models developed

separately for the middle-aged population. We suggested that

developing a separate DR prediction model for the middle-aged

age group and narrowing the prediction model orientation may be

more important for applying the model for early identification and

prevention of DR. We developed a model predicting the

development of DR in middle-aged people with T2DM based on

data from the National Health and Nutrition Examination Survey

(NHANES), which may provide more personalized screening and

treatment options for middle-aged T2DM patients.
Materials and methods

Study design and participants

NHANES is a study program to evaluate US adults’ and kids’

health and nutritional condition. They sampled about 5,000

nationally representative persons with a multistage, graded,

clustered sampling approach every year (14).
Frontiers in Endocrinology 02118
We included 39,156 participants in this study from the

NHANES 2011 to 2018. According to the guideline from the

American Diabetes Association (15), patients with T2DM were

defined as follows: (1) participants who a doctor told them that they

had diabetes with a diagnosis age ≥30 years; (2) participants who

didn’t self-report diabetes diagnosis with HbA1c ≥6.5%. We

excluded data for participants <30 years (n=20,291) and >59

years (n=7,683) to obtain 11,182 cases in the age group of 30-59

years. Then, participants were separated into two groups depending

on whether or not they had data of how old they were first told by a

professional that they had diabetes, with data in the first group

(n=1,083) and miss data in the second group (n=10,099). The first

group excluded participants who were younger than 30 years old

when they were first told they had diabetes and those who had no

data for DR, resulting in 604 participants. The second group

excluded patients with missing glycohemoglobin data and

glycohemoglobin<6.5%, resulting in 327 cases. The two data

groups were combined to get the final population included in the

analysis for this study. The population from 2011 to 2016 was used

to establish the development cohort, and the population from 2017

to 2018 was adopted as an external validation cohort. Figure 1

illustrates the detailed selection operation.
Ethics statement

Each participator provided written informed agreement before

inclusion in the NHANES database, which was examined and

allowed by the National Center for Health Statistics Ethics Review

Board. Anonymously processing the data makes it available to the

public. The researchers then can transform the data into a form

suitable for analysis following privacy-preserving. Based on the

study’s data usage guidelines, all data will be analyzed statistically,

and all studies will comply with all relevant laws and standards.
Potential predictors

We selected some potential predictors which might affect DR

progress based on current relevant research and clinical experience

(16–18), including age, gender, diabetes duration, HbA1C, use of

insulin, use of hypoglycemic pills, hypertension, weak failing

kidneys, body mass index (BMI), waist circumference, alkaline

phosphatase, alanine aminotransferase (ALT), aspartate

aminotransferase (AST), serum calcium, serum phosphorus,

serum potassium, serum uric acid, total cholesterol, triglyceride,

serum calcium, serum iron, blood urea nitrogen, serum albumin,

serum creatinine, urinary albumin-to-creatinine ratio(UACR). The

information on hypertension and renal failure came from

the questionnaires.
Statistical analysis

R statistical software version 3.6.3 and EmpowerStats version

2.0 were used to conduct the statistical analysis for this study. Data
frontiersin.org
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for normally distributed was displayed as the mean ± standard

deviation, and a two independent samples t-test was performed to

analyze differences between groups. The categorical variables were

described with proportion, which was tested using the chi-

square test.

In linear regression mode, least absolute shrinkage and selection

operator (LASSO) regression analysis is used for shrinkage and

variable option. Firstly, we used the development set data and

analyzed the data using the LASSO regression method. LASSO

regression analysis was used to determine the appropriate and

effective risk predictors for T2DM patients with DR, and 7

independent variables were selected according to lambda.min.

Then, we built three models based on the logistic regression

analysis: the full model, the multiple fractional polynomial (MFP)

model, and the stepwise (stepAIC) selected model. We used the

odds ratio and P-value with 95% confidence interval (CI) to

describe the features. At the same time, according to the

comparison of the area under the receiver operating characteristic

(ROC) curve of each model in the development set and the

validation set, the model with the most significant area under the

curve (AUC) was selected. The model’s consistency was evaluated

based on the calibration curve and the Hosmer-Lemeshow test. The

clinical effectiveness of the model was assessed using decision curve

analysis (DCA). All statistical analyses were two-sided, with an

alpha of 0.05 as the significance grade. Finally, according to the

model, we established the nomogram and online dynamic

nomogram prediction tool.
Frontiers in Endocrinology 03119
Results

Baseline characteristics

According to the prespecified exclusion and inclusion criteria,

931 participants were enrolled in our research, including 704 in the

development group and 227 in the validation group. Baseline

characteristics like demographic, biochemical indexes, physical

examination findings, duration of diabetes, and the use of

medications are shown in Table 1.
Risk factors in the development group

We included 24 associated characteristic variables in LASSO

regression analysis (Figures 2A, B) and selected 7 non-zero potential

predictors from the LASSO regression analysis results based on the

data of the development group. These predictors included gender,

taking insulin now, weak failing kidneys, duration of diabetes,

UACR, blood urea nitrogen, and serum phosphorus.
Prediction model development

To construct the prediction model, we performed the following

steps. Firstly, we combined all 7 potential predictors selected by

LASSO regression analysis into a multivariable model using
FIGURE 1

Flow chart of the development and validation groups.
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TABLE 1 Characteristics of the study sample.

Development group (n=704) Validation group (n=227) P value

Age (years) 50.12 ± 6.74 50.10 ± 6.74 0.957

Gender (%) 0.591

male 50.41 52.41

female 49.59 47.59

Duration of diabetes (years) 6.61 ± 5.44 6.79 ± 5.60 0.653

Glycohemoglobin (%) 7.67 ± 1.96 7.53 ± 1.74 0.346

Taking insulin now(%) 0.621

No 76.81 78.36

Yes 23.19 21.64

Take diabetic pills now (%) 0.174

No 28.47 23.96

Yes 71.53 76.04

High blood pressure (%) 0.949

No 36.55 36.78

Yes 63.45 63.22

Had weak failing kidneys (%) 0.076

No 94.36 97.21

Yes 5.64 2.79

Body mass index (kg/m2) 34.62 ± 8.13 36.03 ± 8.03 0.021

Waist circumference (cm) 113.48 ± 16.96 115.65 ± 16.36 0.084

Alkaline phosphatase (u/L) 73.27 ± 23.27 83.87 ± 29.03 <0.001

Alanine aminotransferase (u/L) 73.27 ± 23.27 83.87 ± 29.03 <0.001

Aspartate aminotransferase (u/L) 28.15 ± 25.90 24.68 ± 17.89 0.054

Serum calcium (mmol/L) 2.35 ± 0.09 2.32 ± 0.11 <0.001

Serum phosphorus (mmol/L) 1.23 ± 0.18 1.14 ± 0.19 <0.001

Serum potassium (mmol/L) 4.03 ± 0.33 4.12 ± 0.41 <0.001

Serum uric acid (umol/L) 329.25 ± 90.31 323.61 ± 84.66 0.395

Total cholesterol (mmol/L) 4.89 ± 1.21 4.83 ± 1.15 0.553

Triglyceride (mmol/L) 2.53 ± 3.00 2.40 ± 2.06 0.554

Serum iron (umol/L) 13.89 ± 5.67 14.89 ± 6.95 0.027

Blood urea nitrogen (mmol/L) 5.11 ± 2.17 5.29 ± 2.15 0.242

Serum albumin (g/L) 41.89 ± 3.42 39.69 ± 3.44 <0.001

Serum creatinine (umol/L) 81.01 ± 65.60 76.17 ± 55.82 0.305

Urinary albumin creatinine ratio (mg/g) 125.75 ± 598.05 166.02 ± 840.45 0.421

Diabetic retinopathy (%) 0.423

No 83.57 81.32

Yes 16.43 18.68
F
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Continuous variables are displayed as mean ± standard deviation. Based on a linear regression model, the P-value was calculated. The categorical variables were described with proportion,
P-value was calculated by the chi-square test.
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multivariate logistic regression, which built the full model. Then,

the stepwise backward regression selection method was used to fit

the stepwise model based on Akaike’s Information Criterion (AIC).

Since the multicollinearity of the predictors, we constructed the

multiple fractional polynomial (MFP) model. The details of the

three models are shown in Table 2. Finally, ROC curves were

plotted for all three models, and the AUC of these models was

compared (Figure 3). We chose the MFP model to construct the

nomogram according to the results.
Development of nomogram

According to the MFP model, 5 independent predictors

were introduced to establish a DR risk nomogram (Figure 4A).

To make it more convenient for T2DM patients to predict

the progress of DR, we created an online dynamic nomogram

tool (http://www.empowerstats .net/pmodel/?m=22793_

GaoXiangWangredictionmodelofretinopathyinmiddleagedpatients

withtype2diabetesmellitus). In the online tool, doctors can calculate

the risk of DR in middle-aged T2DM patients based on the specific

values of each indicator (Figure 4B).
Assessment of predictive nomogram

We applied the ROC curve to test the discrimination of the

model (Figures 3A, B). In the development group, the AUC was

0.709(95%CI:0.659-0.759) for the MFPmodel, 0.680 (95% CI:0.627-

0.733) for the stepwise model, and 0.679 (95%CI:0.627-0.732) for

the full model (Figure 3A). And in the validation group, the AUC

was 0.704(95%CI:0.611-0.798) for the MFP model, 0.667(95%

CI:0.567-0.774) for the full model, and 0.666 (95%CI:0.560-0.773)

for the stepwise model (Figure 3B).

To check the consistency of this model, calibration curves and

the Hosmer-Lemeshow test were used. As shown in Figure 5, the

calibration curves of the model in both the development and

validation sets were plotted. The horizontal axis stands for the

predicted DR risk, the vertical coordinates represent the actual
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diagnosed DR risk, and the gray diagonal line stands for the perfect

prediction of the ideal nomogram. Nomogram performance is

shown by the solid line, where the closer to the diagonal gray line

suggests greater predictive performance. According to the

calibration curves, the nomogram displayed good coherence. In

addition, there was no significant difference between the validation

and development groups when we used the Hosmer-Lemeshow test

to test the model calibration degree. (P=0.42 in the development

group, P=0.52 in the validation group).

Figure 6 shows the results of DCA curves for development and

validation groups. The dashed line stood for the model, the gray line

showed the net benefit when all patients with DR, and the black line

represented the net benefit when no patients with DR. The region of

the model curve between the “black line” and the “gray line”

represented the model’s clinical applicability. If the dashed line is

above the black and gray lines, we can assume that the dashed value

of the period can benefit.
Discussion

Nomogram is a useful and reliable forecasting tool that can

produce individual probabilities of endpoint events by combining

different variables and quantifying the risk individually (19). In the

risk predictor analysis of this study, gender, use of insulin, renal

failure, duration of diabetes, UACR, blood urea nitrogen, and serum

phosphorus were related to the risk of DR in midlife patients with

T2DM. Based on this, we used statistical analysis to screen five of

these variables to construct and validate a novel DR risk predictive

tool for middle-aged patients with T2DM. The model showed that

being male, taking insulin now, longer duration of diabetes, higher

UACR, and lower serum phosphorus were critical factors in

determining the risk of DR in patients with T2DM, which has the

same part of risk factors as those reported in previous studies (10,

20). To make it more convenient for physicians to provide early

individualized intervention for middle-aged T2DM patients, we

have built an online, free prediction tool. According to Anne et al.

(21), the AUC value of 0.7 or higher is considered acceptable or

good for model discrimination. Our model presented good
A B

FIGURE 2

Selection of variables using the LASSO regression model. (A) The coefficient profile was plotted against the log (lambda) sequence. (B) The plot of
partial likelihood deviance (binomial deviance) versus log (lambda) was performed.
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discrimination and calibration ability, offering a personalized

prediction of DR incidence.

For patients with T2DM, the course of the disease is an

unchangeable risk factor. Unlike T1DM, disease duration has a

more significant impact on patients with T2DM combined with DR

(22). Compared to older T2DM patients, midlife patients have a

longer survival time and will be exposed to the increased risk of

complications associated with a longer disease course. Elevated

blood glucose and lipid metabolism disorders in T2DM patients

caused pathological reactions, such as oxidative stress and

inflammatory response (23, 24), which were considered an

important pathogenesis of DR (25–27), Longer disease duration

means a sustained state of inflammation for a longer period, which

raises the risk of DR. As reported by Singh et al. (28), DR prevalence

was five times higher in patients with a disease duration of >15 years
Frontiers in Endocrinology 06122
than it was in patients with an illness duration of < 5 years.

According to Sun et al. (29), the duration of diabetes is strongly

correlated with the risk of DR. In middle-aged patients with T2DM.

It is critical to diagnose and intervene in the early stages of DR

progression to minimize the risks that come with a longer

disease course.

Gender has been discovered in some studies to be relevant to the

risk of developing diabetes-related complications (30, 31). Middle-

aged men were significantly more likely to have T2DM, indicating

that gender factors are involved to some extent in the pathogenesis

of T2DM and its complications in the middle-aged population (32,

33). Several studies have revealed sexual dimorphism in fat

distribution, inflammatory signaling pathway activation, and

T2DM risk (34–37). Middle-aged T2DM patients have

demonstrated gender differences in disease progression and
TABLE 2 Logistic regression analysis for risk factors in three models.

Model Estimate Std error Odds ratio 95%CI.low 95%CI.upp P-value

Model 1

(Intercept) -0.6306 0.6663 0.5323 0.1442 1.9648 0.3439

Gender=female -0.3878 0.2093 0.6786 0.4503 1.0227 0.0639

Taking insulin now=yes 0.7185 0.2347 2.0513 1.2949 3.2495 0.0022

Weak failing kidneys=yes 0.4099 0.3718 1.5066 0.7269 3.1225 0.2703

Duration of diabetes 0.052 0.0172 1.0534 1.0185 1.0895 0.0025

Urinary albumin creatinine ratio 0.0004 0.0002 1.0004 1 1.0007 0.0253

Blood urea nitrogen 0.0367 0.0447 1.0374 0.9505 1.1323 0.4108

Serum phosphorus -1.2588 0.581 0.284 0.0909 0.887 0.0303

Model 2

(Intercept) -0.6154 0.6668 0.5404 0.1463 1.9967 0.356

Gender= female -0.4129 0.2071 0.6617 0.4409 0.9931 0.0462

Taking insulin now=yes 0.7216 0.2345 2.0577 1.2994 3.2584 0.0021

Weak failing kidneys=yes 0.5119 0.3479 1.6684 0.8437 3.2991 0.1412

Duration of diabetes 0.0533 0.0171 1.0548 1.0199 1.0908 0.0019

Urinary albumin creatinine ratio 0.0004 0.0002 1.0004 1.0001 1.0007 0.0194

Serum phosphorus -1.1235 0.5558 0.3251 0.1094 0.9665 0.0432

Model 3

(Intercept) 0.089 0.7097 1.0931 0.272 4.3933 0.9002

Gender=female -0.4145 0.2061 0.6607 0.4411 0.9896 0.0444

Taking insulin now=yes 0.7175 0.2307 2.0492 1.3039 3.2206 0.0019

Duration of diabetes/10 0.5111 0.1718 1.6672 1.1905 2.3347 0.0029

(Urinary albumin creatinine ratio/100)^-0.5 -0.3199 0.0734 0.7262 0.6288 0.8387 <0.0001

Serum phosphorus -0.9159 0.5467 0.4001 0.137 1.1683 0.0939
Model 1: Full model:Risk of Diabetic retinopathy=-0.63058 -0.38775*(Gender=female) +0.05199*Duration of diabetes +0.00037*Urinary albumin creatinine ratio +0.40987*(Weak failing
kidneys=yes) +0.71848*(Taking insulin now=yes) +0.03673*Blood urea nitrogen-1.25877*Serum phosphorus.
Model 2: Stepwise (stepAIC) selected model: Risk of Diabetic retinopathy=-0.61541 -0.41290*(Gender=female) +0.05331*Duration of diabetes +0.00039*Urinary albumin creatinine ratio
+0.51186*(Weak failing kidneys=yes) +0.72158*(Taking insulin now=yes) -1.12349*Serum phosphorus.
Model 3:Multiple Fractional Polynomial mode:Risk of Diabetic retinopathy=0.08903 +0.71746*(Taking insulin now=Yes) +0.51112*(Duration of diabetes/10)-0.31991*((Urinary albumin
creatinine ratio/100)^-0.5) -0.91593*Serum phosphorus -0.41447*(Gender= Female).
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pathogenesis, and our model suggested that being male is

significantly associated with DR in the middle-aged population.

Studies based on national databases from the UK and Finland found

that the male sex is an independent risk factor for advanced DR in

T2DM and a risk predictor for disease progression (38, 39). Maric-

Bilkan et al. (40) concluded that age-related differences in hormone

levels, glycemic control, duration of diabetes, and ethnic

background could explain the reported gender differences in DR

risk. Although the pathological mechanisms of gender influence on

DR progression are unclear now, the significantly different

prevalence between gender implied different individualized care

measures. Prevention strategies targeting modifiable risk factors are

critical for the middle-aged T2DM population.

Since its first clinical use in 1922, exogenous insulin has become a

widely used hypoglycemic drug for many forms of diabetic patients

worldwide (41). Our results found that mid-aged T2DM patients on

insulin therapy were at greater risk of developing DR. Ameta-analysis

based on seven cohort studies has shown a significant association

between the use of insulin and the risk of DR (42). A systematic review

conducted by Song et al. (43) discovered that insulin therapy was

remarkably correlated with an increased prevalence of any DR. The

correlation between insulin therapy and DR demonstrated in various
Frontiers in Endocrinology 07123
studies indicated that clinicians need to be more cautious when

applying insulin therapy to patients at high risk of developing DR.

Besides when dealing with patients on long-term insulin therapy, DR

should be detected more carefully.

UACR is a clinically used indicator of renal function and a

marker of endothelial dysfunction and may affect the

microvasculature of the kidney and retina. Wang et al. (44) found

that UACR, in addition to being an important marker of chronic

kidney disease, was also closely related to the progression of DR. A

10-year prospective follow-up study confirmed that both UACR

and estimated glomerular filtration rate (eGFR) were significant risk

factors for DR, but UACR had a more significant association than

eGFR (45), which is consistent with our result. The current studies

found that high UACR is linked to changes in retinal vascular

geometry, that patients with high UACR appear to be potentially

predisposed to systemic vascular endothelial cell disease, and

glycemic control may not affect the inherent biological risk of

developing microvascular complications (46, 47). For this reason,

UACR may be a favorable and easily accessible biochemical

indicator for predicting DR.

Although the prediction model developed in this research is

meaningful for the early prevention and treatment of the middle-
A B

FIGURE 3

The ROC curves of prediction models. (A) ROC curves of the development group. (B) ROC curves of the validation group.
A B

FIGURE 4

Risk nomogram development. (A) An example of the dynamic nomogram. (B) An example of the online dynamic nomogram tool.
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aged T2DM population, there are still some limitations. First, the

population included in this study was the general middle-aged US

population.Due to the differences in lifestyle and eating habits, theDR

prediction nomogram may be limited in its generalization to other

national people. Second, all patient data in this study were obtained

from the NHANES database. Although we used data from different

periods for validation, multicenter clinical validation is needed to

assess the efficacy of the nomogram.Third, we couldnot refine ourDR

study according to whether it was proliferative due to the lack of data

limitations of DR staging in the NHANES database data.

The study developed a new web-based nomogram for

predicting DR prevalence in middle-aged T2DM patients. After

internal and external validation, the nomogram demonstrated good

predictive performance. The line chart includes 5 common clinical

characteristics of gender, serum phosphorus, UACR, duration of

diabetes, and use of insulin. This nomogram enabled early to

identify the high-risk groups of DR in middle-aged T2DM

patients and helped to develop an aggressive individualized

prevention and treatment strategy to reduce the prevalence and
Frontiers in Endocrinology 08124
slow down the progression of DR. More clinical prospective and

multicenter trials are needed to confirm our nomogram.
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FIGURE 5

Calibration curve of the risk nomogram. (A) Calibration curve of development group. (B) Calibration curve of validation group.
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FIGURE 6

Decision curve analysis for the nomogram. (A) Decision curve analysis of development group. (B) Decision curve analysis of validation group.
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Is preclinical diabetic retinopathy
in diabetic nephropathy
individuals more severe?

Hongyan Yao1 and Zijing Li2,3*

1Ningbo Eye Hospital, Ningbo University, Ningbo, China, 2Department of Ophthalmology, Sun Yat-sen
Memorial Hospital, Sun Yat-sen University, Guangzhou, China, 3State Key Laboratory of
Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-Sen University, Guangzhou, China
Purpose: To analyse the retinal vessel density and thickness characteristics of

diabetic nephropathy (DN) individuals with preclinical diabetic retinopathy (DR)

using optical coherence tomography angiography (OCTA).

Methods: This retrospective case−control study included 88 eyes of 88 type 2

DM patients with preclinical DR [44 non-DN (NDN) and 44 DN]. OCTA images

and data were acquired using AngioVue 2.0 of the spectral domain OCT device.

The foveal avascular zone (FAZ) area, superficial capillary plexus (SCP) and deep

capillary plexus vessel densities, ganglion cell complex (GCC) and full retinal

thicknesses, peripapillary capillary density and nerve fibre layer (RNFL) thickness

were compared between the NDN and DN groups. The relationship between

each renal function parameter and each OCTA parameter was analysed.

Results: SCP vessel density, GCC thickness and full retinal thickness were

significantly reduced in DN individuals compared to NDN individuals [(NDN

versus DN) SCP vessel density: 46.65 ± 3.84% versus 44.35 ± 5.25%, p=0.030;

GCC thickness: 100.79 ± 5.92 mm versus 93.28 ± 8.66 mm, p<0.001; full retinal

thickness: whole area: 287.04 ± 13.62 mm versus 277.71 ± 15.10 mm, p=0.005).

Within the peripapillary area, capillary density was also significantly reduced in the

whole area (50.19 ± 3.10% versus 47.46 ± 5.93%, p=0.016) and some sectors in

the DN group, though RNFL thickness was only decreased in some sectors. For

all individuals, estimated glomerular filtration rate (eGFR) correlated significantly

withmost OCTA parameters and then showed a significantly negative correlation

with FAZ area (b=−16.43, p=0.039) in multivariate linear regression analysis. In

the NDN group, eGFR showed a significantly negative correlation with FAZ area

(b=−18.746, p=0.048) and a significantly positive correlation with SCP vessel

density (b=0.580, p=0.036).

Conclusion: Preclinical DR may be more severe in DN individuals than in NDN

individuals with regard to microvascular and microstructural impairment.

Moreover, eGFR may be a good indicator for retinal microvascular impairment.

KEYWORDS

preclinical diabetic retinopathy, diabetic nephropathy, optical coherence tomography
angiography, estimated glomerular filtration rate, microstructural impairment
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Introduction

Diabetic retinopathy (DR), a common complication of diabetes

mellitus (DM), remains the major cause of vision loss in the working-

age population worldwide (1). Another common and severe

complication of DM is diabetic nephropathy (DN), which may

cause life-threatening end-stage renal disease (2). DR and DN are

both microvascular DM complications, and they have similar

pathophysiological mechanisms. Microvascular endothelial cells are

regarded as common targets of hyperglycaemic impairment. Various

common pathophysiological processes, including inflammation,

oxidative stress and crosstalk between endothelial cells and

pericytes/podocytes, exist in both complications (3). Previous

clinical studies have suggested that the severity of DR parallels that

of DN (4, 5).Zhang even found that DR might predict the renal

function prognosis of type 2 DM (T2DM) patients with DN (5).

Accordingly, in our routine clinical practice, severe DR, such as PDR

and DME, is often detected in T2DM individuals with DN.

However, we also noticed that DN and DR are not consistent in

some cases. Some DN individuals with poor renal function lack DR

appearance in their fundus. DM patients without DR have been

termed preclinical DR individuals in previous studies because

reduced vessel density and other subtle microvascular lesions can

be observed when using optical coherence tomography angiography

(OCTA), a non-invasive cross-sectional real-time imaging

technique, despite no obvious DR detected with conventional

imaging methods (6, 7). Thus, we sought to determine whether

more severe microvascular or microstructural alterations occur in

DN than in NDN when using OCTA in preclinical DR individuals,

which may help in further understanding the mutual effects and

possible mechanisms between DR and DN. Unfortunately, few

studies have focused on the retinal characteristics of DN

individuals with preclinical DR.

Therefore, the purpose of this study was to analyse the retinal

vessel density and thickness characteristics of DN individuals with

preclinical DR using OCTA.
Methods

Subjects

This was a retrospective case−control clinical study. The study

was conducted according to the principles of the Declaration of

Helsinki and was approved by the institutional review board of Sun

Yat-sen Memorial Hospital, Sun Yat-sen University (approval

number: SYSEC-KY-KS-2021-263). Eighty-eight eyes of 88 T2DM

patients with preclinical DR (44 NDN and 44 DN) were recruited

from the Endocrinology Department between January 2018 and

October 2021. The inclusion criteria included 1) a diagnosis of

preclinical DR in the unilateral or bilateral eyes of T2DM patients;

2) age from 40 to 75 years; and 3) eyes with a logMAR best corrected

visual acuity (BCVA) not more than 0.1. A random eye was chosen

when the bilateral eyes involved preclinical DR. The diagnosis of

T2DM, DR and DN were confirmed by an endocrinologist, an

ophthalmologist and a nephrologist, respectively, based on criteria
Frontiers in Endocrinology 02128
by the American Diabetes Association (8–10). The criteria for DN

were 1) estimated glomerular filtration rate (eGFR) < 60 ml/min/

1.73 m2, 2) urinary albumin to creatinine ratio > 30 mg/g for more

than 3 months and 3) renal biopsy evidence in suspected patients.

The values of eGFR were calculated using the Xiangya equation, a

more accurate equation for eGFR in the Chinese population (11).

Urinary albumin to creatinine ratio was tested in one random urine

sample. A solid-phase fuorescent immunoassay was used to

measure urinary albumin, and the Jafe rate method was applied

to measure urinary creatinine (12). The exclusion criteria were as

follows: 1) ocular diseases that may cause vision impairment, such

as glaucoma, optic neuritis, uveitis and other retinal diseases; 2)

spherical equivalent higher than −6 diopters or AL greater than

26 mm; 3) lens opacities affecting OCTA imaging; and 4) history of

intraocular surgery.

The demographic and systemic data recorded for each

individual included age, sex, body mass index (BMI), waist-to-hip

ratio (WHR), haemoglobin A1c (HbAlc) levels, DM duration, DM

therapy regimen, renal function (eGFR, blood urea, blood

creatinine, blood uric acid, urinary protein and urinary

microalbumin) and presence of hypertension. Hypertension was

determined as >130/80 mmHg according to 2017 high blood

pressure guidelines from the American College of Cardiology

(13). Thorough ophthalmic examinations, including logMAR

BCVA, intraocular pressure (IOP) (non-contact tonometer,

Canon, Inc., Tokyo, Japan), axial length (AL), central anterior

chamber depth (CACD), dilated fundus examination, colour

fundus photos (Canon, Inc., Tokyo, Japan), OCTA (Optovue,

Inc., Fremont, CA, USA) and FFA (if necessary and possible)

(Microclear, Inc., Suzhou, China), were assessed in these

individuals. AL and CACD were measured using IOLMaster (Carl

Zeiss Meditec, Inc., Dublin, USA).
OCTA image collection

OCTA images and data were acquired using AngioVue 2.0 of

the spectral domain OCT device. Split-spectrum amplitude-

decorrelation angiography was conducted to detect and analyse

erythrocyte movement in vessels. An image of the 6 mm × 6 mm

macular area and one of the 4.5 × 4.5 mm optic disc area were

captured. Images with a scan quality < 6 were excluded. The vessel

densities and retinal thickness of the macular and peripapillary

capillary plexuses were then automatically exported. The recorded

parameters included the foveal avascular zone (FAZ) area,

superficial capillary plexus (SCP) and deep capillary plexus (DCP)

vessel densities, ganglion cell complex (GCC) and full retinal

thicknesses, peripapillary capillary density and nerve fibre layer

(RNFL) thickness. Detailed retinal segmentations and divisions

were similar to those in our previous work (14).
Statistical analysis

Statistical analyses were performed using SPSS 26.0 (SPSS Inc.

Chicago, IL, USA). Independent Student’s t tests were employed to
frontiersin.org
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compare normally distributed parameters, and Mann−Whitney

tests were applied to compare nonnormally distributed

parameters. Categorical variables were analysed using chi-squared

tests. The relationship between each renal function parameter (level

of eGFR, blood urea, blood creatinine, blood uric acid, urinary

protein and urinary microalbumin) and each OCTA parameter

(FAZ area, SCP and DCP vessel densities, GCC and full retinal

thicknesses, peripapillary capillary density and RNFL thickness)

was examined using bivariate correlation analysis in all individuals,

the NDN group and the DN group, respectively. A value of p<0.05

was considered to be statistically significant. All OCTA parameters

with statistical significance would be included in multivariate linear

regression analyses adjusted for sex, age and DM duration for each

renal function parameter. However, when OCTA parameters of

different area (whole area, foveal, parafoveal or perifoveal) involved

in the same terms (for example: SCP vessel density), only one

representative parameter of this term [for example: SCP vessel

density (whole area)] was included in multivariate analyses. Scatter

diagrams were created using GraphPad Prism 7.0 (GraphPad

Software, San Diego, CA, USA).
Results

Patient characteristics

Eighty-eight eyes of 88 T2DM patients with preclinical DR (44

NDN and 44 DN) were included in this study. Compared to the

NDN group, the DN individuals had significantly increased WHR,

longer DM duration, lower levels of eGFR, blood urea, blood
Frontiers in Endocrinology 03129
creatinine, blood uric acid, urinary protein and urinary

microalbumin and greater logMAR BCVA. A greater portion of

individuals receiving subcutaneous insulin injection and a higher

ratio of hypertension were noted in the DN group. No significant

difference between the two groups was shown with regard to age,

sex, BMI, HbAlc level or other variables. Details are shown

in Table 1.
OCTA findings

In the macular area, SCP vessel density was significantly

reduced in the DN individuals compared to the NDN individuals

(NDN versus DN: whole area: 46.65 ± 3.84% versus 44.35 ± 5.25%,

p=0.030). Similar reductions were also observed in para- and

perifoveal areas (parafoveal: 48.53 ± 4.54% versus 45.63 ± 7.62%,

p=0.044; perifoveal: 47.26 ± 4.19% versus 44.86 ± 5.08%, p=0.025).

However, there was no significant difference in FAZ or DCP vessel

density between the two groups. Details are shown in Table 2. GCC

and full retinal thicknesses were significantly decreased in the DN

group (GCC thickness: whole area: 100.79 ± 5.92 mm versus 93.28 ±

8.66 mm, p<0.001; full retinal thickness: whole area: 287.04 ± 13.62

mm versus 277.71 ± 15.10 mm, p=0.005). Details are shown

in Table 3.

Within the peripapillary area, capillary density was also

significantly reduced in the whole area (50.19 ± 3.10% versus

47.46 ± 5.93%, p=0.016) and some sectors in the DN group, but

RNFL thickness was only decreased in some sectors (Table 4).

Representative images of the vessel density and GCC thickness

were shown in Figure 1.
TABLE 1 Patient characteristics.

NDN DN p

Patients (n) 44 44 NA

Age (years) 58.86 ± 11.60 59.80 ± 12.55 0.718*

Male:female (n) 30:16 30:16 1.000#

Anthropometrics

BMI (kg/m2) 24.87 ± 3.18 29.42 ± 20.43 0.157*

WHR 0.91 ± 0.071 0.96 ± 0.073 0.004*

HbAlc (%) 8.96 ± 2.88 8.91 ± 1.89 0.930*

DM duration (years) 5.60 ± 5.70 7.07 ± 6.53 0.057

DM therapy regimen

Oral medication (n, %) 32 14 <0.001#

Subcutaneous insulin injection (n, %) 2 10

Both (n, %) 10 24

Renal function

eGFR (mL/min/1.73m2) 76.98 ± 6.70 65.09 ± 15.74 <0.001*

Blood urea (mmol/L) 5.42 ± 1.45 8.64 ± 5.19 <0.001*

(Continued)
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Relationship between renal function and
OCTA findings

For all individuals, only the level of eGFR correlated

significantly with most of the OCTA parameters (Table 5),
Frontiers in Endocrinology 04130
whereas there was no relationship between the level of the

remaining renal function parameters (blood urea, blood

creatinine, blood uric acid, urinary protein and urinary

microalbumin) and OCTA parameters. Relationships between the

level of eGFR and each representative OCTA parameter are shown
TABLE 1 Continued

NDN DN p

Blood creatinine (mmol/L) 76.23 ± 10.01 123.81 ± 89.73 <0.001*

Blood uric acid (mmol/L) 344.84 ± 121.36 424.95 ± 153.16 0.014*

Urinary protein (g/L) 0.028 ± 0.027 0.37 ± 0.76 0.012*

Urinary microalbumin (mg/L) 13.46 ± 3.83 469.81 ± 1089.65 0.031*

Hypertension (n, %) 16, 36.36 32, 72.73 <0.001#

SBP (mmHg) 132.36 ± 13.87 138.18 ± 18.90 0.103*

DBP (mmHg) 79.77 ± 13.66 82.43 ± 15.04 0.388*

Ocular parameters

BCVA (logMAR) -0.011 ± 0.097 0.039 ± 0.078 0.009*

IOP (mmHg) 15.43 ± 2.11 15.59 ± 2.55 0.750*

CACD (mm) 3.17 ± 0.43 3.23 ± 0.29 0.549*

AL (mm) 23.83 ± 1.23 23.62 ± 0.70 0.395*

DR in fellow eye (n, %) 8 6 0.560#
front
NDN, non-diabetic nephropathy; DN, diabetic nephropathy; NA, not available; BMI, body mass index; WHR, waist-to-hip ratio; HbAlc, haemoglobin A1c; DM, diabetes mellitus; eGFR,
estimated glomerular filtration rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; BCVA, best corrected visual acuity; IOP, intraocular pressure; CACD, central anterior chamber
depth; AL, axial length. *using Student’s t test; #using chi-squared test; p value in bold style, p<0.05.
TABLE 2 Vessel density in the macular area.

NDN DN p

FAZ area (mm2) 0.30 ± 0.11 0.37 ± 0.26 0.198

SCP vessel density

Whole area (%) 46.65 ± 3.84 44.35 ± 5.25 0.030

Foveal (%) 17.23 ± 7.19 15.48 ± 8.24 0.319

Parafoveal (%) 48.53 ± 4.54 45.63 ± 7.62 0.044

Temporal (%) 48.41 ± 5.82 46.43 ± 7.52 0.195

Superior (%) 49.06 ± 5.53 46.33 ± 7.88 0.079

Nasal (%) 47.97 ± 5.13 44.34 ± 9.93 0.046

Inferior (%) 48.67 ± 5.40 45.42 ± 8.94 0.055

Perifoveal (%) 47.26 ± 4.19 44.86 ± 5.08 0.025

Temporal (%) 42.50 ± 5.16 40.01 ± 7.15 0.08

Superior (%) 47.14 ± 4.70 45.34 ± 5.32 0.116

Nasal (%) 51.51 ± 3.86 48.72 ± 5.07 0.007

Inferior (%) 47.89 ± 4.27 45.46 ± 4.84 0.022

DCP vessel density

Whole area (%) 46.29 ± 5.53 44.16 ± 7.32 0.148

(Continued)
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in scatter diagrams (Figure 2). In multivariate linear regression

analysis adjusted for sex, age and DM duration for eGFR,

representative OCTA parameters with statistical significance

including FAZ area, SCP and DCP vessel densities (whole area),

GCC and full retinal thicknesses (whole area), peripapillary
Frontiers in Endocrinology 05131
capillary density (whole area) and RNFL thickness (whole area)

were included. Finally, the level of eGFR showed a significantly

negative correlation with the FAZ area (b=−16.43, p=0.039) and a

significantly positive correlation with the RNFL thickness

(b=0.169, p=0.025).
TABLE 2 Continued

NDN DN p

Foveal (%) 32.86 ± 9.69 29.87 ± 9.82 0.176

Parafoveal (%) 52.13 ± 4.54 50.20 ± 6.93 0.148

Temporal (%) 53.29 ± 5.21 52.40 ± 6.82 0.517

Superior (%) 51.31 ± 5.41 50.43 ± 7.60 0.557

Nasal (%) 53.60 ± 5.33 50.36 ± 9.23 0.061

Inferior (%) 50.33 ± 5.75 47.62 ± 9.02 0.116

Perifoveal (%) 46.83 ± 6.08 44.53 ± 8.13 0.160

Temporal (%) 49.11 ± 6.43 46.12 ± 9.87 0.115

Superior (%) 46.16 ± 6.11 44.95 ± 8.34 0.466

Nasal (%) 46.15 ± 6.98 43.52 ± 8.87 0.149

Inferior (%) 45.87 ± 7.13 43.61 ± 8.16 0.198
frontie
NDN, non-diabetic nephropathy; DN, diabetic nephropathy; FAZ, foveal avascular zone; SCP, superficial capillary plexus; DCP, deep capillary plexus; p value in bold style, p<0.05.
TABLE 3 Retinal thickness in the macular area.

NDN DN p

GCC thickness

Whole area (mm) 100.79 ± 5.92 93.28 ± 8.66 <0.001

Foveal (mm) 52.38 ± 9.85 48.23 ± 11.11 0.081

Parafoveal (mm) 107.66 ± 8.67 98.50 ± 12.82 <0.001

Temporal (mm) 100.51 ± 7.94 93.52 ± 9.90 <0.001

Superior (mm) 110.26 ± 8.67 100.36 ± 14.55 <0.001

Nasal (mm) 108.50 ± 9.93 98.91 ± 13.30 <0.001

Inferior (mm) 111.38 ± 9.00 101.21 ± 16.43 <0.001

Perifoveal (mm) 100.55 ± 5.83 93.45 ± 7.99 <0.001

Temporal (mm) 86.29 ± 4.85 82.08 ± 6.20 0.001

Superior (mm) 100.47 ± 7.63 93.45 ± 10.38 <0.001

Nasal (mm) 117.09 ± 8.41 108.62 ± 11.00 <0.001

Inferior (mm) 98.40 ± 6.56 90.17 ± 10.68 <0.001

Full retinal thickness

Whole area (mm) 287.04 ± 13.62 277.71 ± 15.10 0.005

Foveal (mm) 250.01 ± 24.65 243.24 ± 23.48 0.212

Parafoveal (mm) 319.53 ± 18.38 307.56 ± 19.54 0.006

Temporal (mm) 310.91 ± 18.27 301.17 ± 18.17 0.019

Superior (mm) 322.31 ± 18.66 311.89 ± 16.90 0.011

(Continued)
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Relationships between renal function parameters and OCTA

parameters for the NDN group are shown in Table 6.

Representative OCTA parameters with significant correlations

were then included in multivariate linear regression analyses

adjusted for sex, age and DM duration for each renal function

parameter. The multivariate linear regression analysis for eGFR

included FAZ area, SCP vessel densities (whole area), DCP vessel

densities (foveal), GCC thicknesses (parafoveal) and peripapillary

capillary density (whole area), and finally showed that eGFR had a
Frontiers in Endocrinology 06132
significantly negative correlation with the FAZ area (b=−18.746,
p=0.048) and a significantly positive correlation with the SCP vessel

density (b=0.580, p=0.036). FAZ area, SCP vessel densities (whole

area) and GCC thicknesses (perifoveal) were included in the

multivariate linear regression analysis for blood creatinine. The

level of blood creatinine showed a significantly negative correlation

with the SCP vessel density (b=-1.024, p=0.003) consequently. The
multivariate linear regression analysis for urinary protein included

SCP and DCP vessel densities (whole area), and finally showed that
TABLE 4 Peripapillary capillary density and retinal nerve fibre layer (RNFL) thickness.

NDN DN p

Peripapillary capillary density (%)

Whole area (%) 50.19 ± 3.10 47.46 ± 5.93 0.016

Nasal superior (%) 46.82 ± 3.91 43.96 ± 7.42 0.042

Nasal inferior (%) 44.77 ± 4.55 43.08 ± 7.43 0.242

Inferior nasal (%) 47.68 ± 6.33 46.00 ± 7.00 0.277

Inferior temporal (%) 54.93 ± 5.13 51.66 ± 7.42 0.030

Temporal inferior (%) 51.27 ± 4.70 47.06 ± 6.95 0.004

Temporal superior (%) 54.87 ± 4.40 51.96 ± 6.77 0.034

Superior temporal (%) 51.65 ± 4.82 49.82 ± 7.93 0.233

Superior nasal (%) 48.94 ± 5.04 46.07 ± 7.15 0.049

Peripapillary RNFL thickness (mm)

Whole area (mm) 112.14 ± 19.91 103.44 ± 21.46 0.072

Nasal superior (mm) 90.14 ± 13.30 91.73 ± 26.55 0.746

Nasal inferior (mm) 79.91 ± 13.80 82.04 ± 30.96 0.705

Inferior nasal (mm) 127.22 ± 23.74 125.53 ± 38.37 0.821

Inferior temporal (mm) 148.92 ± 26.74 129.91 ± 26.37 0.003

Temporal inferior (mm) 84.79 ± 66.18 65.62 ± 14.10 0.082

Temporal superior (mm) 97.08 ± 46.34 79.25 ± 15.19 0.028

Superior temporal (mm) 142.89 ± 17.68 131.00 ± 25.71 0.023

Superior nasal (mm) 128.04 ± 18.31 120.71 ± 37.78 0.294
frontier
NDN, non-diabetic nephropathy; DN, diabetic nephropathy; p value in bold style: p<0.05.
TABLE 3 Continued

NDN DN p

Nasal (mm) 324.72 ± 19.38 311.27 ± 21.50 0.004

Inferior (mm) 320.23 ± 18.47 305.89 ± 25.84 0.006

Perifoveal (mm) 278.74 ± 12.79 270.07 ± 14.76 0.006

Temporal (mm) 265.83 ± 13.13 259.97 ± 13.45 0.052

Superior (mm) 281.21 ± 13.81 274.44 ± 14.96 0.039

Nasal (mm) 298.62 ± 15.30 287.65 ± 20.88 0.009

Inferior (mm) 269.34 ± 12.47 258.46 ± 17.64 0.002
NDN, non-diabetic nephropathy; DN, diabetic nephropathy; GCC, ganglion cell complex; p value in bold style, p<0.05.
sin.org

https://doi.org/10.3389/fendo.2023.1144257
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yao and Li 10.3389/fendo.2023.1144257

Frontiers in Endocrinology 07133
the level of urinary protein had a significantly positive correlation

with the SCP vessel density (b=0.004, p=0.002). As for blood urea

and urinary microalbumin, only one OCTA parameter was

included in previous bivariate correlation analyses respectively. In

linear regression analyses adjusted for sex, age and DM duration, a

significantly positive correlation between the level of blood urea and

the full retinal thickness (b=0.033, p=0.032) was shown, while no

significant correlation was noticed between the level of urinary

microalbumin and the OCTA parameter.

For the DN group, only the level of blood uric acid correlated

positively with the perifoveal GCC thickness (r=0.359, p=0.043) and

RNFL thickness (r=0.442, p=0.009). In multivariate linear

regression analysis adjusted for sex, age and DM duration, the

level of blood uric acid correlated positively with the RNFL

thickness (b=2.692, p=0.009).
The corresponding details were summarized in Table 7.
Discussion

Is preclinical DR in DN individuals more severe? According to

our present study, the answer may be “yes” when compared to the

NDN individuals.

In our study, SCP vessel density rather than DCP vessel density

was significantly reduced in DN individuals. Zhuang’s study revealed

that SCP and DCP vessel densities decrease as chronic kidney disease

(CKD) progresses in DM patients but that SCP vessel density

reduction is more pronounced (15). Wang’s study showed that DN

patients had reduced macular vessel density compared to NDN

patients, but macular vessel density was not divided into the SCP

and DCP (16). Our result was somewhat consistent with these studies.

Nevertheless, Zhuang’s and Wang’s studies included preclinical DR

and DR simultaneously, and the percentage of DR in the DN group

was obviously higher than that in NDN. Vessel density may therefore

be greatly affected by the constitution of DR at different stages. Our

study focused specifically on preclinical DR, which may minimize the

above effects and for the first time provide a possible answer to the

interesting question: Is preclinical DR in DN individuals more severe?

As stated in previous studies, capillary impairment is more remarkable

in the DCP than in the SCP in preclinical and nonproliferative DR as
FIGURE 1

Representative images of the vessel density and GCC thickness in
two groups. The right eyes of two age-matched male patients with
preclinical diabetic retinopathy: (A) non- diabetic nephropathy
(NDN) group, (B) DN group; (1) superficial capillary plexus (SCP)
vessel density, (2) ganglion cell complex (GCC) thicknesses.
Compared to NDN group, SCP vessel density and GCC thicknesses
reduced in DN group. Moreover, more dark blue area was noticed in
DN group than in NDN group.
TABLE 5 Correlation analysis between estimated glomerular filtration
rate (eGFR) and optical coherence tomography angiography parameters
in all individuals.

eGFR (mL/min/1.73m2)

r p

FAZ area (mm2) -0.290 0.012

SCP vessel density

Whole area (%) 0.304 0.007

Foveal (%) 0.241 0.035

Parafoveal (%) 0.259 0.023

Perifoveal (%) 0.330 0.003

DCP vessel density

Whole area (%) 0.267 0.019

Foveal (%) 0.270 0.017

Parafoveal (%) 0.198 0.085

Perifoveal (%) 0.286 0.021

GCC retinal thickness

Whole area (mm) 0.341 0.002

Foveal (mm) 0.278 0.014

Parafoveal (mm) 0.372 <0.001

Perifoveal (mm) 0.298 0.008

Full retinal thickness

(Continued)
TABLE 5 Continued

eGFR (mL/min/1.73m2)

r p

Whole area (mm) 0.280 0.013

Foveal (mm) 0.124 0.279

Parafoveal (mm) 0.285 0.012

Perifoveal (mm) 0.268 0.018

Peripapillary capillary density (mm) 0.258 0.026

Peripapillary RNFL thickness (mm) 0.327 0.004
f

FAZ, foveal avascular zone; SCP, superficial capillary plexus; DCP, deep capillary plexus;
GCC, ganglion cell complex; RNFL, retinal nerve fibre layer; r, Pearson correlation coefficient;
p value in bold style, p<0.05.
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TABLE 6 Correlation analysis between renal function parameters and optical coherence tomography (angiography) parameters in non-diabetic
nephropathy individuals.

eGFR (mL/
min/1.73m2)

Blood urea
(mmol/L)

Blood creati-
nine (mmol/L)

Blood uric
acid (mmol/L)

Urinary
protein (g/L)

Urinary
microalbumin

(mg/L)

r p r p r p r p r p r P

FAZ area (mm2) -0.389 0.016 0.024 0.887 0.330 0.043 -0.097 0.584 -0.194 0.312 -0.222 0.286

SCP vessel density

Whole area (%) 0.420 0.008 -0.074 0.655 -0.491 0.002 0.201 0.247 0.557 0.002 0.018 0.931

Foveal (%) 0.182 0.268 0.107 0.519 -0.318 0.049 0.026 0.884 0.257 0.178 0.036 0.863

Parafoveal (%) 0.509 <0.001 -0.066 0.691 -0.288 0.076 0.212 0.223 0.441 0.017 0.200 0.338

Perifoveal (%) 0.429 0.006 -0.109 0.508 -0.509 0.001 0.239 0.167 0.522 0.004 0.0003 0.998

DCP vessel density

Whole area (%) 0.244 0.135 -0.253 0.12 -0.218 0.182 -0.028 0.873 0.368 0.049 -0.117 0.579

Foveal (%) 0.329 0.041 0.009 0.956 -0.304 0.06 0.060 0.732 0.295 0.12 0.166 0.427

Parafoveal (%) 0.112 0.496 -0.307 0.057 -0.199 0.224 -0.078 0.657 0.28 0.142 -0.157 0.453

Perifoveal (%) 0.291 0.072 -0.256 0.116 -0.232 0.156 0.010 0.955 0.339 0.072 -0.072 0.731

GCC retinal thickness

Whole area (mm) 0.207 0.200 0.238 0.139 -0.265 0.099 -0.031 0.859 0.226 0.238 0.026 0.901

Foveal (mm) 0.18 0.265 0.097 0.552 -0.147 0.366 0.035 0.844 -0.017 0.932 -0.094 0.653

Parafoveal (mm) 0.419 0.007 0.278 0.083 -0.008 0.963 0.144 0.411 0.012 0.95 -0.006 0.978

Perifoveal (mm) 0.080 0.623 0.194 0.23 -0.346 0.029 -0.111 0.525 0.305 0.107 0.045 0.832

Full retinal thickness

Whole area (mm) 0.181 0.264 0.339 0.032 -0.074 0.651 -0.090 0.609 0.067 0.729 -0.086 0.683

Foveal (mm) 0.116 0.477 0.249 0.121 -0.148 0.362 -0.023 0.895 -0.067 0.73 -0.409 0.042

Parafoveal (mm) 0.277 0.083 0.322 0.043 0.023 0.887 -0.019 0.912 -0.018 0.925 -0.206 0.323

Perifoveal (mm) 0.130 0.425 0.327 0.039 -0.104 0.524 -0.120 0.491 0.105 0.589 -0.009 0.965

(Continued)
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FIGURE 2

Relationships between estimated glomerular filtration rate (eGFR) and each representative optical coherence tomography angiography parameter in
all individuals. FAZ: foveal avascular zone, SCP, superficial capillary plexus; DCP, deep capillary plexus; GCC, ganglion cell complex; RNFL, retinal
nerve fibre layer; r, Pearson correlation coefficient.
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the disease develops (17, 18). Histologically, the SCP is a network

supplying and connecting other capillary plexuses, whereas the DCP is

composed of lobular configurations without abundant capillary

connections (19). The SCP may have stronger self-regulatory ability

than the DCP. In this sense, the DCPmay bemore vulnerable than the
Frontiers in Endocrinology 09135
SCP and may serve as an initial marker in early-stage DR. However,

our study revealed that SCP vessels seem to reduce more obviously

than DCP vessels in DN individuals, which was quite an interesting

finding. This may suggest that DN patients have more pronounced

and advanced capillary dropout than NDN patients, even when they
TABLE 6 Continued

eGFR (mL/
min/1.73m2)

Blood urea
(mmol/L)

Blood creati-
nine (mmol/L)

Blood uric
acid (mmol/L)

Urinary
protein (g/L)

Urinary
microalbumin

(mg/L)

r p r p r p r p r p r P

Peripapillary capillary density (mm) 0.438 0.007 -0.217 0.204 0.035 0.840 0.100 0.580 0.138 0.500 -0.153 0.486

Peripapillary RNFL thickness (mm) 0.153 0.372 -0.12 0.484 -0.067 0.699 -0.037 0.839 0.256 0.206 0.368 0.084
fronti
eGFR, estimated glomerular filtration rate; FAZ, foveal avascular zone; SCP, superficial capillary plexus; DCP, deep capillary plexus; GCC, ganglion cell complex; RNFL, retinal nerve fibre layer; r,
Pearson correlation coefficient; p value in bold style, p<0.05.
TABLE 7 Included Optical coherence tomography angiography (OCTA) variables and variables with significance in multivariate linear regression
analyses for different renal function variables.

Group Renal function
variable

Included OCTA variable in
multivariate analysis

r p OCTA variable with significance in
multivariate analysis*

b p

All eGFR FAZ area -0.29 0.012 FAZ area -16.43 0.039

SCP vessel density (whole area) 0.304 0.007 Peripapillary RNFL thickness 0.169 0.025

DCP vessel density (whole area) 0.267 0.019

GCC retinal thickness (whole area) 0.341 0.002

Full retinal thickness (whole area) 0.28 0.013

Peripapillary capillary density 0.258 0.026

Peripapillary RNFL thickness 0.327 0.004

NDN eGFR FAZ area -0.389 0.016 FAZ area -18.746 0.048

SCP vessel density (whole area) 0.42 0.008 SCP vessel density (whole area) 0.58 0.036

DCP vessel density (foveal) 0.329 0.041

GCC retinal thickness (parafoveal) 0.419 0.007

Peripapillary capillary density 0.438 0.007

Blood urea Full retinal thickness (whole area) 0.339 0.032 Full retinal thickness (whole area) 0.033 0.032

Blood creatinine FAZ area 0.33 0.043 SCP vessel density (whole area) -1.024 0.003

SCP vessel density (whole area) -0.491 0.002

GCC retinal thickness (perifoveal) -0.346 0.029

Urinary protein SCP vessel density (whole area) 0.557 0.002 SCP vessel density (whole area) 0.004 0.002

DCP vessel density (whole area) 0.368 0.049

Urinary
microalbumin

Full retinal thickness (foveal) -0.409 0.042 NA

DN Blood uric acid GCC retinal thickness (perifoveal) 0.359 0.043 Peripapillary RNFL thickness 2.692 0.009

Peripapillary RNFL thickness 0.442 0.009
er
The included OCTA variables in multivariate linear regression analyses were those variables with statistical significance in previous univariate analyses. eGFR, estimated glomerular filtration rate;
FAZ, foveal avascular zone; SCP, superficial capillary plexus; RNFL, retinal nerve fibre layer; DCP, deep capillary plexus; GCC, ganglion cell complex; NDN, non- diabetic nephropathy; DN,
diabetic nephropathy; r, Pearson correlation coefficient; b, regression coefficient; *adjusted for sex; age and DM duration.
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only have “preclinical DR”. The explanation for such advanced

capillary dropout may be attributed to the complicated mechanisms

of DN and its complications. The renin-angiotensin-aldosterone

system exerts a strong vasoconstrictive effect and possibly induces

haemodynamic disturbances in the retinal microvasculature (20).

Oxidative stress and inflammation occurring in DN might also

accelerate the process of retinal vascular endothelial cell impairment

(21). Furthermore, anaemia in DN secondary to erythropoietin

reduction, uraemic toxin accumulation and dialysis might be

responsible for capillary impairment, as stated in previous studies

(22, 23).

Another interesting finding in our study was that the

peripapillary capillary density was reduced in DN. The radial

peripapillary capillary plexus (RPCP) and the SCP are closely

related and components of the superficial vascular complex. The

RPCP is nourished by precapillary arterioles from the SCP and is

driven by postcapillary venules into the SCP (19). Hence, it may be

understandable that SCP vessel density and peripapillary capillary

density simultaneously decrease. However, peripapillary capillary

data were recorded based on limited resources, and the standard

was different; thus, comparisons cannot be fully performed.

Cankurtaran’s study suggested that preclinical DR patients with

microalbuminuria have a higher peripapillary capillary density than

those with normal albuminuria, which was similar to our result

(24). The major difference was that the population was classified

based on the level of albuminuria in Cankurtaran’s study but that

patients were classified based on the diagnosis of DN in our study.

Compared to capillary density, a more pronounced alteration in

DN individuals was reduced macular retinal thickness. This was a

novel finding, as no previous study has reported similar results.

Macular retinal thickness was not altered as CKD or albuminuria

progressed in previous DN-related studies (15, 24). One possible

explanation for the difference between these results is the DR stage

variation in the included population, as stated above. Another possible

explanation is the controversial mechanism of DN. Classically

speaking, proteinuria is followed by decline in renal function.

However, some DM patients have progressive reduction in eGFR

with microalbuminuria regression or even without proteinuria, which

may suggest that alteration of eGFR occurs independently of the

presence of albuminuria (25, 26). Microalbuminuria and decreased

eGFR can be present simultaneously or separately in DN. This may

pose a challenge for the definition of DN, as an abnormal level of

eGFR or urinary albumin may be regarded as DN. The group division

standard is not uniform in all studies. According to our results, we

speculate that the diffuse shrinkage of retinal thickness observed was

secondary to capillary dropout. Uraemic toxins might also be a crucial

factor. A recent study showed that accumulation of uraemic toxins

such as parathyroid hormone and b2-microglobulin correlates closely

with GCC impairment in CKD patients without diabetes or dialysis

(27). Moreover, dialysis is a potential reason. A Japanese study

revealed that haemodialysis not only contributes to relieving DME

but also helps to decrease retinal thickness after a one-year follow-up

(28). However, this study mainly included DME patients rather than

preclinical DR, the mechanism might be partially different in these

individuals. Haemodialysis may to some degree accelerate the flow of
Frontiers in Endocrinology 10136
the retinal/subretinal fluid as well as eliminate toxins and

inflammatory particles (29).

For all individuals, eGFR was closely related to most OCTA

parameters. Even after multivariate linear regression analysis adjusted

for age and sex, the level of eGFR still showed a significantly negative

correlation with the FAZ area. In the NDN group, the level of eGFR

was associated with the FAZ/SCP vessel density. These results in our

study suggest that eGFR may be a good indicator for microvascular

impairment in all preclinical DR individuals and NDN individuals.

Similar to our study, Vadalà’s and Wang’s studies showed that eGRF

correlated positively with macular vessel density in T2DM patients

with CDK (16, 30). In contrast, no association between eGFR and

FAZ area/vessel density in DM patients was reported in Cheung’s

study, while this study showed that large intercapillary area is

associated with eGFR (31).These contradictions among studies may

be related to a variation in DR stage, a different adoption of the eGFR

equation, various measurement methods of OCTA parameters and a

relatively small sample. In addition, it may be affected by complicated

systemic confounding factors among different study groups. In the

NDN group, the urinary protein level was positively associated with

the SCP vessel density, but no association between the urinary

microalbumin level and each OCTA parameter was noted. This

finding is at odds with some publications. In a Turkish study,

urinary microalbumin levels correlated negatively with DCP vessel

density in T2DM patients with and without DN (32). Yao’s study

revealed that macular vessel density correlated negatively with

urinary protein levels in adults with primary nephrotic syndrome

(33). The analysed subgroup in our study had NDN rather than NDN

combined with DN or other kinds of nephropathy, and thus the

differences among individuals may be indistinctive. Moreover, in the

NDN group, proteinuria may be physiological or very mild, and its

correlation with OCTA parameters might be less meaningful. In the

DN group, most OCTA parameters lacked correlation with renal

function parameters. A potential explanation for this is that the

process of DN had actually initiated and progressively worsened the

retinal microvasculature when DN was not diagnosed in preclinical

DR individuals. At this stage, renal function and OCTA parameters

change in parallel. However, as DN develops, retinal impairment may

not only be affected by renal functions but also be influenced by

secondary systemic alterations, such as electrolyte imbalance,

anaemia, hypertension, uraemic toxin accumulation and dialysis

(34). These factors may cause an unparallel relationship between

OCTA parameters and renal function parameters in the DN group.

We noticed that NDN group has better BCVA when compared

to DN group. Cataract severity may mainly account for the

variation. In addition, DM duration seemed to be longer in DN

group than in NDN group. Though the difference didn’t reach

statistical significance, the effect of DM duration should be

considered. However, the subsequent multivariate linear

regression analyses adjusted for sex, age and DM duration may

partially avoid the effect of DM duration.

The major limitation of our study was the small sample and its

retrospective nature. Another limitation was that the included

individuals were Chinese, which cannot represent the entire

population of T2DM individuals. The topic deserves further
frontiersin.org

https://doi.org/10.3389/fendo.2023.1144257
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yao and Li 10.3389/fendo.2023.1144257
exploration using a well-designed prospective study with a large

sample size.

In conclusion, in preclinical DR, DN patients have reduced

retinal vessel density and thickness compared to NDN patients.

Preclinical DR may be more severe in DN individuals than in NDN

individuals with regard to microvascular and microstructural

impairment. Moreover, eGFR may be a good indicator for retinal

microvascular impairment.
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The comparative effects of oral
Chinese patent medicines in
non-proliferative diabetic
retinopathy: A Bayesian network
meta-analysis of randomized
controlled trials
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Background: Non-proliferative diabetic retinopathy (NPDR), a common diabetic

complication with high morbidity, is featured by impaired visual function and

fundus lesions. It has been reported that oral Chinese patent medicines (OCPMs)

may improve visual acuity and fund signs. However, the best possible OCPMs for

NPDR remain questionable and merit further investigation.

Methods: From inception to October 20, 2022, seven databases were searched

for eligible randomized controlled trials (RCTs). The outcomes were clinical

effective rate, visual acuity, visual field gray value, microaneurysm volume,

hemorrhage area, macular thickness, and adverse events rate. The revised

Cochrane risk-of-bias tool (ROB 2) was used to assess the quality of the

included studies. Network meta-analysis was performed using R 4.1.3 and

STATA 15.0 software.

Results: We included 42 RCTs with 4,858 patients (5,978 eyes). The Compound

Danshen Dripping Pill (CDDP) combined with calcium dobesilate (CD) had the

most improvement in clinical efficacy rate (SUCRA, 88.58%). The Compound

Xueshuantong Capsule (CXC) combined with CD may be the best intervention

(SUCRA, 98.51%) for the improvement of visual acuity. CDDP alone may be the

most effective treatment option (SUCRA, 91.83%) for improving visual field gray

value. The Hexuemingmu Tablet (HXMMT) and Shuangdan Mingmu Capsule

(SDMMC) combined with CD may be the most effective treatment for reducing

microaneurysm volume and hemorrhage area (SUCRA, 94.48%, and 86.24%),

respectively. Referring to reducing macular thickness, CXC combined with CD

ranked first (SUCRA, 86.23%). Moreover, all OCPMs did not cause serious

adverse reactions.

Conclusion:OCPMs are effective and safe for NPDR. CDDP alone, and combined

with CD, may be themost effective in improving visual field gray value and clinical

efficacy rate, respectively; CXC combined with CD may be the best in enhancing
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BCVA and reducing macular thickness; HXMMT and SDMMC combined with CD,

maybe the most effective regarding microaneurysm volume and hemorrhage

area, respectively. However, the reporting of methodology in the primary study is

poor, potential biases may exist when synthesizing evidence and interpreting the

results. The current findings need to be confirmed by more large-sample,

double-blind, multi-center RCTs of rigorous design and robust methods in the

future.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier

CRD42022367867.
KEYWORDS

oral Chinese patent medicines, non-proliferative diabetic retinopathy, calcium
dobesilate, network meta-analysis, SUCRA
1 Introduction

The prevalence of diabetes in individuals aged 20 to 79 years

increased to 537 million worldwide in 2021 and is expected to rise to

783 million in 2045 (1). Diabetic retinopathy (DR) is one of the most

common microvascular and neurological complications of diabetes,

with a prevalence of 24.7-37.5% in the diabetic population, and is the

leading cause of blindness in people of working age (2). According to

the international clinical DR severity grading criteria, DR can be

divided into non-proliferative diabetic retinopathy (NPDR) and

proliferative diabetic retinopathy (PDR). NPDR is characterized by

fundus microaneurysms, retinal hemorrhage, cotton wool spots, hard

exudate, and intraretinal microvascular abnormality (IRMA)

formation. Moreover, retinal neovascularization formation implies

a transition to the PDR stage, which can further cause vitreous

hemorrhage, retinal detachment, and neovascular glaucoma, leading

to severe vision loss and even blindness (3).

Therefore, controlling the progression of DR and maximizing the

restoration of visual acuity in patients has become a focus of clinical

research. Currently, the main treatment strategies for NPDR are

controlling risk factors, such as blood glucose and blood pressure,

and improving microcirculation. Retinal laser photocoagulation,

intravitreous drug injection, and vitrectomy are mainly applied to

patients with PDR, and all have some limitations (4). Calcium

dobesilate (CD) is a well-established vasoactive and vasoprotective

drug that can reduce retinal capillary permeability and stabilize blood-

retinal barrier function, as well as antagonize platelet aggregation and

improve local blood circulation, and is widely used clinically in patients

with NPDR (5, 6). A meta-analysis involving 221 studies showed that

CDmight improve fundus bleeding and exudation in patients with DR

(5). However, not all NPDR patients benefit (7).

In addition to the above methods, Chinese clinicians have

achieved better clinical efficacy by combining oral Chinese patent

medicines (OCPMs). OCPMs are traditional Chinese medicine

products processed as per the prescription and preparation

technology based on Chinese herbal medicine as raw material (8).

Several recent basic studies have shown that the active ingredients of
02140
OCPMs can reduce retinal ischemia and hypoxia, and improve

retinal structure and function through various pathways, such as

reducing pericyte loss, attenuating oxidative stress and inflammatory

responses (9, 10). Moreover, a growing body of clinical evidence

suggested that OCPMs alone or combined with CD for treating

NPDR patients could effectively improve patients’ visual function and

fundus signs (11). However, there is still debate about which OCPM

is most effective in treating NPDR. Therefore, our study aimed to

systematically assess the effects of different OCPMs on outcome

indicators of NPDR using network meta-analysis (NMA).
2 Methods

The study followed the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA) Extension

Statement for systematic reviews and meta-analyses (12). The

PRISMA checklist is detailed in Supplementary File S1.
2.1 Search strategy

Seven academic databases were searched for published research

from inception to October 20, 2022, including PubMed, Embase,

Cochrane Library, China National Knowledge Infrastructure,

Wanfang Database, Weipu Journal Database, and Chinese

Biomedical Literature Database. Only Chinese and English articles

were retrieved. The detailed search strategies are provided in

Supplementary File S2.
2.2 Inclusion and exclusion criteria
1) Patients diagnosed with NPDR according to international or

Chinese diagnostic criteria (relying on fundus fluorescein

angiography and fundus signs) (3, 13).
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2) The interventions of the experimental group were OCPMs

with or without CD. Besides, the OCPMs must belong to

the seven kinds of OCPMs recommended by the National

Healthcare Security Administration (NHSA) (http://

www.nhsa.gov.cn/) and National Medical Products

Administration (NMPA) (https://www.nmpa.gov.cn/) of

the People’s Republic of China.

3) The interventions of the control group were treated with CD

alone.

4) Outcomes included clinical effective rate (percentage of

patients whose visual acuity and fund signs improved

after treatment), visual acuity (standard logarithm visual

acuity chart), visual field gray value, microaneurysm

volume, hemorrhage area, macular thickness, and adverse

drug reactions (ADRs).
5) The types of studies were randomized controlled

trials (RCTs).
2.3 Data collection and quality assessment

Two authors independently extracted the relevant information.

The details included basic trial information, population, detailed

inventions, outcomes, and study type. According to Version 2 of the

Cochrane risk-of-bias tool (RoB 2) for randomized trials, Two

authors independently assessed the risk of bias of the RCTs from

five submissions, including randomization process, deviations from

intended interventions, missing outcome data, measurement of the

outcome, and selection of the reported results (14). All trials were

regarded as “low risk”, “some concerns”, or “high risk”.

Disagreements were resolved through consensus or third-

party adjudication.
2.4 Data analysis

We used STATA 15.0 software to conduct a traditional pairwise

meta-analysis and R 4.1.3 software with the “BUGSnet” and “rjags”

packages for a Bayesian NMA (15). A random-effects model was

analyzed. We ran the Markov chain Monte Carlo (MCMC)

simulation with four Markov chains for 200,000 iterations (burn-

in iterations=5000, thinning factor=1) (16). The Gelman-Rubin

convergence diagnostic was tested. The potential scale reduction

factor (PSRF) value close to 1 indicates convergence. We estimated

the odds ratio (OR) for dichotomous outcomes and mean difference

(MD) for continuous outcomes, with a corresponding 95% credible

interval (CrI). The network plot was presented to visualize multiple

comparisons. The evaluation of inconsistency was not applicable

because there were no “closed loops” in the network plot. The

probability values of the surface under the cumulative ranking curve

(SUCRA) were estimated for treatment rankings. The SUCRA

values ranged from 0-100%. A higher value indicates a higher

likelihood that therapy is the best among the interventions being

compared (17). Heterogeneity was assessed using the I2 test. If there

was substantial heterogeneity (I2 > 50%), subgroup analysis and
tiers in Endocrinology 03141
sensitivity analysis were considered. Publication bias was examined

by the comparison-adjusted funnel plot.
3 Results

3.1 Search results

We retrieved 12,591 records in total. After removing duplicates,

8,105 records remained for screening. Of which, 7,968 records were

excluded by reading the title and abstract, and 95 by reading the full

text. Finally, 42 two-arm RCTs with 4,858 patients (5,978 eyes) were

included in our study. The Flowchart of the search is shown

in Figure 1.
3.2 Characteristics of included studies

In total, 4,858 patients (5,978 eyes) and 7 kinds of OCPMs were

involved in the 42 RCTs. Concerning treatment, 2,334 patients

(2,790 eyes) used CD alone, 846 patients (1,351 eyes) treated only

OCPMs, and 1,678 patients (1,837 eyes) received with OCPMs

combined with CD. Regarding outcomes, 36 studies (85.71%), 8

studies (19.05%), 19 studies (45.24%), 14 studies (33.33%), 18

studies (42.86%), 18 studies (42.86%), and 22 studies (52.38%)

assessed the clinical efficacy rate, visual acuity, visual field gray

value, microaneurysm volume, hemorrhage area, macular

thickness, and ADRs, respectively. The detailed characteristics of

the studies are demonstrated in Table 1.

All 42 included RCTs were two-arm studies. The interventions

of the experimental group were either OCMPs alone or OCMPs

combined with CD, and the control group was CD alone. There

were six different types of OCMPs among the combined therapies,

including the Compound Xueshuantong Capsule (CXC) combined
FIGURE 1

Flowchart of the search for eligible studies.
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TABLE 1 Characteristics of the included studies.

Study ID Sample Size
(E/C)

Sex
(M/F) Age (Year, E/C)

Intervention
of

experimental
group

Intervention of
control group

Course
(Months) Outcomes

Du JH 2018
(18)

48/48
(29/19)/
(30/18)

(64.2 ± 4.3)/(62.7 ±
4.0)

CXC CD 1 ①

Huang W 2021
(19)

30/30
(17/13)/
(18/12)

(52.85 ± 6.38)/(51.86
± 6.16)

CXC+CD CD 5 ① ③ ④ ⑤ ⑥ ⑦

An LN 2020
(20)

35/35
(19/16)/
(20/15)

(51.17 ± 17.83)/(52.12
± 15.76)

CXC+CD CD 3 ① ④ ⑥ ⑦

Wang J 2020
(21)

44/42
(26/19)/
(23/19)

(69.52 ± 7.11)/(68.35
± 6.82)

CXC+CD CD 5 ① ③ ④ ⑤ ⑥ ⑦

Yan H 2020
(22)

46/46
(27/19)/
(25/21)

(48.5 ± 4.9)/(47.4 ±
4.6)

CXC+CD CD 3 ① ⑦

Chai F 2018
(23)

54/53
(32/22)/
(30/23)

(61.11 ± 6.01)/(61.19
± 6.03)

CXC+CD CD 3 ① ③ ⑤ ⑥

Wang Q 2018
(24)

50/50
(26/24)/
(27/23)

(55.02 ± 2.58)/(54.80
± 2.61)

CXC+CD CD 6 ① ③ ④ ⑤ ⑥

Ma JP 2018
(25)

27/27
(16/11)/
(15/12)

(53.02 ± 4.13)/(53.08
± 4.25)

CXC+CD CD 5 ① ③ ④ ⑤ ⑥ ⑦

Yu W 2017
(26)

34/34
(19/15)/
(17/17)

(57.4 ± 8.3)/(58.1 ±
7.9)

CXC+CD CD 3 ① ③ ⑤ ⑥

Rao XJ 2017
(27)

110/125
(61/49)/
(68/57)

(49.5 ± 5.9)/(50.2 ±
6.4)

CXC+CD CD 3 ①

Men LB 2020
(28)

40/40
(21/19)/
(22/18)

(66.97 ± 2.86)/(67.46
± 2.52)

CXC+CD CD 2 ① ② ③ ⑤ ⑥

Li Y 2019 (29) 49/49
(28/21)/
(27/22)

(66.82 ± 4.03)/(66.41
± 4.11)

CXC+CD CD 3 ① ③

Pei R 2015
(30)

32/32
(17/15)/
(16/16)

(56.4 ± 2.1)/(55.3 ±
1.2)

CXC+CD CD 5 ① ③ ④ ⑤ ⑥ ⑦

Zhou YD 2022
(31)

63/63
(34/29)/
(35/28)

(51.14 ± 8.1)/(52.04 ±
2.2)

CXC+CD CD 3 ① ③ ④ ⑤ ⑥ ⑦

Luo D 2015
(32)

28/29
(18/10)/
(19/10)

(59.54 ± 7.46)/(57.86
± 10.03)

CDDP CD 3 ③

Jin M 2009
(33)

30/28 NR
(62.78 ± 7.69)/(61.11

± 7.27)
CDDP CD 3 ② ③ ⑤

Chen Y 2006
(34)

31/32
(17/14)/
(15/17)

(54.60 ± 10.40)/(58.12
± 9.31)

CDDP CD 3 ①

Xu HT 2019
(35)

43/43
(24/19)/
(25/18)

(53.11 ± 4.41)/(53.06
± 4.39)

CDDP+CD CD 4 ① ③ ④ ⑤ ⑥ ⑦

Li Y 2017 (36) 89/89
(31/58)/
(28/61)

(56.5 ± 7.2)/(55.8 ±
6.8)

CDDP+CD CD 2 ①

Wang HM
2016 (37)

45/45
(23/22)/
(24/21)

(57.15 ± 6.68)/(57.06
± 6.72)

CDDP+CD CD 2 ①

Bai YX 2017
(38)

38/38
(20/18)/
(21/17)

(40-72)/(39-71) CDDP+CD CD 4 ① ② ③ ④ ⑤ ⑦

Ruan YX 2017
(39)

35/35
(18/17)/
(20/15)

(52.5 ± 1.1)/(52.8 ±
1.7)

CDDP+CD CD 4 ① ③ ④ ⑤ ⑥ ⑦

Huang YX
2021 (40)

45/45
(28/17)/
(29/16)

(67.5 ± 5.3)/(67.3 ±
5.1)

CDDP+CD CD 6 ② ③ ④ ⑦

(Continued)
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with CD [13 RCTs (19–31)], the Compound Danshen Dripping Pill

(CDDP) combined with CD [6 RCTs (35–40)], the Shuangdan

Mingmu Capsule (SDMUC) combined with CD [4 RCTs (42–45)],

the Qiming Granule (QG) combined with CD [5 RCTs (50–54)],

the Hexuemingmu Tablet (HXMMT) combined with CD [2 RCTs

(55, 56)], and the Mingmu Dihuang Pill (MMDHP) combined with

CD [2 RCTs (58, 59)]. There were five different kinds of OCMPs
Frontiers in Endocrinology 05143
among using OCMPs alone, including CXC [only 1 RCT (18)],

CDDP [3 RCTs (32–34)], SDMUC [1 RCT (41)], QG [4 RCTs (46–

49)] and Danhong Huayu Koufuye (DHHYK) [only 1 RCT (57)].

Detailed information OCMPs is described in Supplementary File

S3. Furthermore, a network graph depicted the relationship between

various interventions and each outcome, which is shown

in Figure 2.
TABLE 1 Continued

Study ID Sample Size
(E/C)

Sex
(M/F) Age (Year, E/C)

Intervention
of

experimental
group

Intervention of
control group

Course
(Months) Outcomes

Qin YH 2010
(41)

414/221 NR NR SDMUC CD 4 ① ⑦

Ji XD 2022
(42)

52/52
(29/23)/
(28/24)

(56.63 ± 4.02)/(56.53
± 4.09)

SDMUC+CD CD 3 ① ⑤ ⑥ ⑦

Liu JP 2019
(43)

60/60
(33/27)/
(32/28)

(57.54 ± 8.11)/(57.10
± 9.26)

SDMUC+CD CD 4 ① ⑤ ⑥ ⑦

Jin L 2019 (44) 72/71
(44/28)/
(43/28)

(63.07 ± 8.08)/(62.39
± 8.34)

SDMUC+CD CD 4 ⑦

Pang YH 2015
(45)

40/40
(18/22)/
(16/24)

(49.4 ± 5.7)/(49.6 ±
5.3)

SDMUC+CD CD 4 ①

Zhang DX
2015 (46)

60/59
(24/36)/
(24/35)

(60.03 ± 6.11)/(60.79
± 642)

QG CD 3 ①

Fang J 2022
(47)

51/51
(27/24)/
(26/25)

(45.5 ± 1.3)/(50.0 ±
1.4)

QG CD 6 ① ⑦

Duan JG 2006
(48)

107/105 NR NR QG CD 3 ⑦

Fan YP 2018
(49)

47/47
(26/21)/
(27/20)

(48.6 ± 5.1)/(47.5 ±
4.9)

QG CD 6 ① ⑥ ⑦

Feng JL 2016
(50)

42/41
(29/13)/
(27/14)

(55.26 ± 6.29)/(55.89
± 6.13)

QG+CD CD 3 ① ②

Wang ZQ
2019 (51)

52/48
(31/21)/
(29/19)

(66.7 ± 6.2)/(66.8 ±
6.3)

QG+CD CD 6 ①

Wang ZZ 2017
(52)

47/47
(29/18)/
(26/21)

(54.5 ± 4.8)/(54.3 ±
4.9)

QG+CD CD 3 ⑦

Sui HL 2014
(53)

43/43
(22/21)/
(23/20)

(50.22 ± 14.82)/(50.53
± 11.28)

QG+CD CD 6 ① ②

Yan JH 2020
(54)

41/41
(24/17)/
(25/16)

(56.65 ± 4.02)/(56.96
± 4.59)

QG+CD CD 2 ① ② ⑦

Ye XL 2019
(55)

88/88
(46/42)/
(50/38)

(60.5 ± 13.4)/(60.9 ±
12.7)

HXMMT+CD CD 3 ①

Gao L 2020
(56)

128/128
(75/53)/
(72/56)

(58.14 ± 7.63)/(57.65
± 7.82)

HXMMT+CD CD 3 ① ③ ④ ⑤ ⑥ ⑦

Zhu HM 2013
(57)

30/30
(13/17)/
(14/16)

(61.5 ± 13.1)/(61.6 ±
12.7)

DHHYK CD 3 ① ②

Li JB 2019 (58) 54/54
(29/25)/
(28/26)

(55.4 ± 3.1)/(56.1 ±
3.7)

MMDHP+CD CD 5 ① ③ ④ ⑤ ⑥ ⑦

A YN 2019
(59)

50/50
(20/30)/
(22/28)

(52.61 ± 5.39)/(53.02
± 5.41)

MMDHP+CD CD 1 ③ ④ ⑤ ⑥
E/C, experimental group/control group; M/F, male/female; OCPMs, oral Chinese patent medicines; NR, Not Reported; CD, calcium dobesilate; CXC, Compound Xueshuantong Capsule; CDDP,
Compound Danshen Dripping Pill; SDMUC, Shuangdan Mingmu Capsule; QG, Qiming Granule; HXMMT, Hexuemingmu Tablet; DHHYK, Danhong Huayu Koufuye; MMDHP, Mingmu
Dihuang Pill; ①Clinical effective rate; ②Visual acuity; ③visual field gray value; ④microaneurysm volume; ⑤hemorrhage area; ⑥macular thickness; ⑦adverse events rate
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3.3 Risk of bias assessment

All 42 selected RCTs reported specific randomization methods,

including 18 RCTs (19, 21, 22, 24–26, 28, 29, 31, 35, 38, 40, 43, 48, 49,

55–57) using a simple random number Table 1 RCT (52) using the

stratified randomization, and 1 RCT (41) using random parallel

control method. Two RCTs were regarded as “low risk” in the

“randomization process” due to reporting allocation concealment.

Two RCTs (27, 39) were classified as high-risk because they were

randomized by order of visit and admission number. In terms of

deviations from intended interventions, three RCTs (32, 41, 48)

adopted double-blind methods, and were thus considered as “low

risk”, and all the other RCTs were rated as “some concerns”. All

studies were evaluated as “low risk” in the missing outcome data due

to there were complete data in all studies; In terms of measurement of

the outcome, all studies were rated as “low risk” because the two

groups were consistent and objective; In addition, there were no

details of registration reported or any previously published study

protocols, so all RCTs were rated as “some concerns”. Thus, apart

from two RCTs (27, 39), all RCTs were rated as “some concerns”. The

details of the risk of bias assessment are depicted in Figure 3.
3.4 Pairwise meta-analysis

We performed the pairwise meta-analysis in the seven

outcomes with different OCMPs with or without CD versus CD

in NPDR patients. The results (forest plots and heterogeneity

analysis) are shown in Supplementary File S4. Overall, the

heterogeneity of direct comparisons was moderate (I2 < 50% for

most comparisons), except QG compared to CD for the clinical

efficacy rate (I2 = 83.0%), CXC+CD compared to CD for the ray

value of the visual field (I2 = 96.2%), CXC+CD compared to CD for

macular thickness (I2 = 96.2%). Therefore, we used the fixed-effects
Frontiers in Endocrinology 06144
model. Since the patients with DR included in this study were all

staged as NPDR, which was consistent and had no obvious clinical

heterogeneity, different courses of treatment may be substantial

sources of clinical heterogeneity. Through different courses of

OCMPs, we conducted subgroup analysis to find the source of

heterogeneity. Meanwhile, after changing the effect model and

eliminating the literature effect size one by one, the original

results remained unchanged, indicating that the sensitivity

analysis results were negative and the results were relatively

reliable. The details are shown in Supplementary Files S5–S7.
3.5 Network meta-analysis

3.5.1 Clinical efficacy clinical rate
Thirty-six studies reported the clinical efficacy rate. We found

that all the included OCPMs, apart from CXC, DHHYK, and

MMDHP+CD had higher clinical efficacy than CD alone

(Table 2A). Based on the ranking probability of SUCRA,

CDDP+CD had the highest efficacy rate (88.58%), followed by

CDDP (69.27%) and QG+CD (66.98%), whereas CD alone obtained
B C

D E F

A

FIGURE 2

The network graphs comparing OCPMs for NPDR. (A) Clinical effective rate; (B) Visual acuity; (C) Visual field gray value; (D) Microaneurysm volume;
(E) Hemorrhage area; (F) Macular thickness. CD, calcium dobesilate; CXC, Compound Xueshuantong Capsule; CDDP, Compound Danshen Dripping
Pill; SDMUC, Shuangdan Mingmu Capsule; QG, Qiming Granule; HXMMT, Hexuemingmu Tablet; DHHYK, Danhong Huayu Koufuye; MMDHP,
Mingmu Dihuang Pill.
FIGURE 3

Summary of risk of bias assessment based on revised Cochrane RoB
2 tool.
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TABLE 2 League table of NMA estimations.

(A) Network meta-analysis comparisons for clinical effective rate

CD

0.16 (0.03,0.69) CDDP

0.11 (0.04,0.26) 0.66 (0.11,4.09) CDDP+CD

0.33 (0.07,1.43) 2.05 (0.24,17.82) 3.11 (0.53,18.86) CXC

0.24 (0.15,0.36) 1.45 (0.31,7.62) 2.20 (0.82,6.73)
0.71

(0.15,3.51)
CXC+CD

0.41 (0.11,1.47) 2.53 (0.36,19.87) 3.85 (0.81,20.21)
1.24

(0.17,9.20)
1.73

(0.45,6.89)
DHHYK

0.31 (0.13,0.70) 1.88 (0.35,11.58) 2.85 (0.86,10.97)
0.92

(0.17,5.29)
1.29

(0.51,3.40)
0.74 (0.16,3.50) HXMMT+CD

0.31 (0.05,1.63) 1.92 (0.18,19.29) 2.92 (0.37,20.89)
0.93

(0.09,9.07)
1.32

(0.20,7.41)
0.75 (0.08,6.25) 1.01 (0.13,6.54)

MMD
+C

0.23 (0.10,0.42) 1.38 (0.26,7.58) 2.09 (0.66,6.94)
0.68

(0.13,3.50)
0.95

(0.41,2.04)
0.55 (0.12,2.24) 0.74 (0.23,2.03)

0.7
(0.11,

0.19 (0.08,0.42) 1.15 (0.21,6.93) 1.74 (0.50,6.53)
0.56

(0.10,3.20)
0.79

(0.30,2.00)
0.45 (0.10,2.10) 0.61 (0.18,1.94)

0.6
(0.09,

0.27 (0.09,0.77) 1.66 (0.27,11.24) 2.50 (0.66,11.20)
0.81

(0.13,5.18)
1.13

(0.38,3.66)
0.65 (0.12,3.49) 0.88 (0.23,3.39)

0.8
(0.12,

0.21 (0.07,0.56) 1.28 (0.21,8.48) 1.95 (0.47,8.20)
0.62

(0.10,3.91)
0.88

(0.27,2.65)
0.50 (0.09,2.59) 0.68 (0.17,2.50)

0.6
(0.09,

(B) Network meta-analysis comparisons for visual acuity

CD

-0.19 (-0.41,0.03) CDDP

-0.09 (-0.25,0.05) 0.10 (-0.17,0.36) CDDP+CD

-0.46 (-0.68,-
0.24)

-0.27 (-0.58,0.04)
-0.37 (-0.62,-

0.10)
CXC+CD

-0.07 (-0.29,0.15) 0.12 (-0.19,0.43) 0.02 (-0.23,0.29)
0.39

(0.08,0.70)
DHHYK

-0.11 (-0.24,0.02) 0.08 (-0.17,0.33) -0.02 (-0.21,0.18)
0.35

(0.10,0.60)
-0.04

(-0.29,0.21)
QG+CD

145
5

4

7

5
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(C) Network meta-analysis comparisons for visual field gray value

D

.29 (0.73,1.81) CDDP

.93 (0.67,1.19) -0.36 (-0.93,0.27) CDDP+CD

.92 (0.75,1.08) -0.37 (-0.91,0.21) -0.02 (-0.32,0.29) CXC+CD

.51 (-0.00,1.02) -0.78 (-1.50,-0.01) -0.42 (-1.00,0.15)
-0.41

(-0.95,0.13)
HXMMT
+CD

.99 (0.63,1.35) -0.30 (-0.92,0.37) 0.06 (-0.39,0.50)
0.07

(-0.33,0.47)
0.48

(-0.15,1.11)
MMDHP+CD

(D) Network meta-analysis comparisons for microaneurysm volume

D

.05 (2.56,3.51) CDDP+CD

.52 (3.05,3.99) 0.47 (-0.19,1.15) CXC+CD

.04 (3.14,4.95) 0.99 (-0.01,2.03) 0.53 (-0.49,1.54)
HXMMT
+CD

.17 (2.66,3.65) 0.12 (-0.56,0.81) -0.35 (-1.05,0.33)
-0.87

(-1.92,0.14)
MMDHP
+CD

(E) Network meta-analysis comparisons for hemorrhage area

D

.80 (0.50,1.10) CDDP

.81 (0.69,0.96) 0.01 (-0.31,0.35) CDDP+CD

.81 (0.73,0.90) 0.01 (-0.30,0.32) -0.01 (-0.17,0.15) CXC+CD

.56 (0.38,0.74) -0.24 (-0.59,0.11) -0.25 (-0.50,-0.04)
-0.25 (-0.46,-

0.05)
HXMMT
+CD

.85 (0.73,0.99) 0.05 (-0.27,0.38) 0.04 (-0.16,0.22)
0.05

(-0.11,0.20)
0.29

(0.07,0.53)
MMDHP
+CD

.91 (0.76,1.05) 0.10 (-0.23,0.44) 0.09 (-0.12,0.28)
0.10

(-0.07,0.26)
0.35

(0.11,0.58)
0.05

(-0.15,0.24)
SDMUC+CD
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the worst effect (2.27%). The detail is shown in Figure 4A

and Table 3.

3.5.2 Visual acuity
Eight studies informed the improvement of visual acuity.

CXC+CD obtained a better effect than CDDP+CD, QG+CD,

DHHYK, and CD alone (Table 2B). Based on the ranking

probability of SUCRA, CXC+CD ranked first (98.51%), followed

by CDDP (70.34%) and QG+CD (49.27%), whereas CD alone

obtained the worst effect (6.25%). The detail is shown in

Figure 4B and Table 3.

3.5.3 Visual field gray value
The assessment of the visual field gray value included six

interventions. Four interventions (CDDP, CDDP+CD, CXC+CD,

and MMDHP+CD) could improve the visual field gray value

compared to CD alone (Table 2C). According to the ranking

probability of SUCRA, CDDP had the highest SUCRA value

(91.83%), followed by MMDHP+CD (67.47%) and CDDP+CD

(59.74%), whereas CD alone obtained the worst effect (0.51%).

The detail is shown in Figure 4C and Table 3.

3.5.4 Microaneurysm volume
Fourteen studies involving five interventions reported

microaneurysm volume. Four treatment types (CDDP+CD,

CXC+CD, HXMMT+CD, and MMDHP+CD) showed the ability

to reduce microaneurysm volume more than CD alone, while other

treatments did not show significant differences. Based on the ranking

probability of SUCRA, HXMMT+CD might have the highest

possibility (94.48%), while CD alone might be the least improved

treatment (0.0%). The detail is shown in Figure 4D and Table 3.

3.5.5 Hemorrhage area
Eighteen studies informed the decrease of hemorrhage area. We

found that all the included OCPMs, including CDDP, CDDP+CD,

CXC+CD, HXMMT+CD, MMDHP+CD, and SDMUC+CD,

reduced hemorrhage area more than CD alone (Table 2E). Based

on the ranking probability of SUCRA, SDMUC+CD ranked first

(86.24%), followed by MMDHP+CD (72.29%) and CDDP+CD

(59.2%), whereas CD alone obtained the worst effect (0.0%). The

detail is shown in Figure 4E and Table 3.

3.5.6 Macular thickness
Eighteen studies involving 7 interventions reported macular

thickness. Network comparisons suggested that four treatment

types (CDDP+CD, CXC+CD, MMDHP+CD, and SDMUC+CD)

were better than CD alone in reducing macular thickness

(Table 2F). According to SUCRA, CXC+CD had the highest

SUCRA value (86.23%), followed by CDDP+CD (80.94%) and

MMDHP+CD (57.05%), whereas CD alone obtained the worst

effect (3.11%). The detail is shown in Figure 4F, and Table 3.

3.5.7 Adverse drug reactions
In this study, The NMA for ADRs was difficult because 8 of the

22 included studies reported no adverse reactions in the
T
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experimental and control groups. The other 14 studies reported 160

cases of adverse drug reactions, including 2 studies that did not

identify specific ADRs. According to the results of the pairwise

meta-analysis, there were no adverse reactions in the experimental

and control groups, apart from QG, in which those of the OCPMs

were lower than those of CD alone (Supplementary File S5).
Frontiers in Endocrinology 10148
3.6 Sensitivity analysis

For sensitivity analysis, we excluded RCTs with high risk of bias (2

studies) and RCTs with short treatment courses of 1-2 months (6 studies),

respectively. The NMA results were re-evaluated. We found that both the

effect size and direction did not change significantly, only the confidence
B C

D E F

A

FIGURE 4

Surface under the cumulative ranking curve (SUCRA) probabilities of different interventions for six outcomes. (A) Clinical effective rate; (B) Visual
acuity; (C) Visual field gray value; (D) Microaneurysm volume; (E) Hemorrhage area; (F) Macular thickness. CD, calcium dobesilate; CXC, Compound
Xueshuantong Capsule; CDDP, Compound Danshen Dripping Pill; SDMUC, Shuangdan Mingmu Capsule; QG, Qiming Granule; HXMMT,
Hexuemingmu Tablet; DHHYK, Danhong Huayu Koufuye; MMDHP, Mingmu Dihuang Pill.
TABLE 3 Ranking probability of interventions.

Intervention

Clinical effective
rate Visual acuity Visual field gray

value
Microaneurysm

volume
Hemorrhage

area
Macular
thickness

SUCRA
(%) Rank SUCRA

(%) Rank SUCRA
(%) Rank SUCRA

(%) Rank SUCRA
(%) Rank SUCRA

(%) Rank

CXC+CD 54.02 6 98.51 1 56.74 4 73.19 2 55.29 5 86.23 1

CDDP+CD 88.58 1 41.8 4 59.74 3 36.45 4 59.2 3 80.94 2

QG+CD 66.98 3 49.27 3 – – – – – – – –

SDMUC+CD 60.63 4 – – – – – – 86.24 1 49.94 4

MMDHP+CD 43.56 8 – – 67.47 2 45.87 3 72.29 2 57.05 3

HXMMT+CD 40.01 9 – – 23.7 5 94.48 1 18.67 6 48.82 5

CXC 39.97 10 – – – – – – – – – –

CDDP 69.27 2 70.34 2 91.83 1 – – 58.3 4 – –

QG 57.18 5 – – – – – – – – 23.91 6

SDMUC 47.47 7 – – – – – – – – – –

DHHYK 30.04 11 33.85 5 – – – – – – – –

CD 2.27 12 6.25 6 0.51 6 0 5 0 7 3.11 7
frontie
CD, calcium dobesilate; CXC, Compound Xueshuantong Capsule; CDDP, Compound Danshen Dripping Pill; SDMUC, Shuangdan Mingmu Capsule; QG, Qiming Granule; HXMMT,
Hexuemingmu Tablet; DHHYK, Danhong Huayu Koufuye; MMDHP, Mingmu Dihuang Pill, -: no value.
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intervals have gotten a little bit wider. The ranking probabilities were also

not changed substantially. These suggested that theNMAresults are robust

to a certain extent. The details are shown in Supplementary Files S8.
3.7 Publication bias

Figure 5 depicts the comparison-adjusted funnel plot for six

outcomes to assess publication bias. It can be seen that the calibration

auxiliary line was not completely perpendicular to the centerline,

suggesting that the NMA may have potential publication bias.
4 Discussion

In recent decades, diabetes has progressed from a disease occurring

mainly in populations of developed countries to a worldwide epidemic.

DR, which is a major cause of visual impairment in a continuously

increasing number of diabetic patients, is a common complication of

diabetes (4). Once patients reach the PDR stage, they may progress to

more serious diseases such as retinal neovascularization, vitreous

hemorrhage, and retinal detachment, which can severely disrupt the

visual function of patients even with interventions such as laser and

vitrectomy (60). Therefore, early treatment and prevention at the stage of

NPDR have become an urgent clinical problem to be solved. In China,

clinicians often apply OCPMs for the treatment of NPDR with good

clinical efficacy (11). DR belongs to the category of “thirsty eye disease”

according to traditional Chinese medicine, and its pathogenesis is mainly

attributed to the deficiency of both qi and yin and the stasis of ocular

collateral (61). Based on this etiology and pathogenesis, the clinical

treatment of DR can be based on Chinese herbal medicines that benefit

Qi, nourish Yin, invigorate blood, and disperse blood stasis, and the

OCMPs selected for this NMA all belong to this category.
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4.1 Main findings

This NMA systematically evaluated the efficacy and safety of 7

commonly used OCPMs (CXC, CDDP, QG, SDMUC, MMDHP,

HXMMT, and DHHYK) alone or combined with CD in patients

with NPDR based on information from 42 studies involving 7

categories of outcomes. Our results showed that OCPMs alone or

combined with CD were superior to CD alone in terms of an

improved clinical efficacy rate, improved visual acuity and visual

field gray value, reduced fundus hemorrhage and exudation, and

better drug safety, which is consistent with the results of a published

pairwise meta-analysis (11). More so, by comparing different types

of proprietary Chinese medicines, the NMA also suggests that more

attention should be given to CDDP, CXC, HXMMT, and SDMMC

in the clinical treatment of NPDR.

The NMA results suggested that CDDP+CD and CDDP alone

might be the best treatment options for increasing clinical efficacy rate

and improving visual field gray value. CDDP is a herbal compound used

for the treatment of cardiovascular diseases, made from Salvia

miltiorrhiza Bunge [Lamiaceae], Panax notoginseng (Burkill) F.H.Chen

[Araliaceae] and a small number of Borneolum Syntheticum, and

contain active ingredients such as tanshinone, protocatechuic acid,

ginsenoside, and Panax ginsenoside (62). Due to its vascular protective

effects (63), CDDP is often used clinically in patients with DR. A Meta-

analysis that included eight RCTs involving 524 patients found that

CDDP combined with western drugs was effective in improving patients’

visual function (64), which is consistent with our present NMA results.

Meanwhile, basic studies have shown that CDDP can improve retinal

vascular and neurological function by inhibiting inflammation, oxidative

stress, and apoptosis, reducing vascular endothelial cell damage, and

increasing retinal thickness (65, 66), whichmay explain the superiority of

CDDP over other OCPMs in improving visual function.

We found that CXC+CD might be the best choice for improving

visual acuity and reducing macular thickness. CXC is composed of four
B C
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FIGURE 5

Comparison-adjusted funnel plot for six outcomes. (A) Clinical effective rate; (B) Visual acuity; (C) Visual field gray value; (D) Microaneurysm volume;
(E) Hemorrhage area; (F) Macular thickness. CD, calcium dobesilate; CXC, Compound Xueshuantong Capsule; CDDP, Compound Danshen Dripping
Pill; SDMUC, Shuangdan Mingmu Capsule; QG, Qiming Granule; HXMMT, Hexuemingmu Tablet; DHHYK, Danhong Huayu Koufuye; MMDHP,
Mingmu Dihuang Pill.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1144290
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Liu et al. 10.3389/fendo.2023.1144290
herbal medicines, Panax notoginseng (Burkill) F.H.Chen [Araliaceae],

Astragalus mongholicus Bunge [Fabaceae], Salvia miltiorrhiza Bunge

[Lamiaceae], and Scrophularia ningpoensis Hemsl. [Scrophulariaceae],

and its active ingredients are mainly quercetin, luteolin, kaempferol,

and tanshinone Iia, which may be related to the tumor necrosis factor

(TNF) signal pathway, hypoxia-inducible factor-1 signal pathway, and

vascular endothelial growth factor (VEGF) signal pathway in DR (67).

Modern pharmacological studies have shown that CXC can reduce

retinal damage by reducing erythrocyte aggregation and lowering

plasma viscosity, as well as inhibiting aldose reductase activity,

controlling high expression of VEGF, and intercellular cell adhesion

molecule-1 (68, 69). In addition, research has also revealed that CXC

protects against high glucose-damaged retinal vascular endothelial cells,

thereby reducing the blood-retinal intra-retinal barrier damage and

decreasing retinal leakage (9). Compared with other OCPMs, CXC

contains Astragalus mongholicus Bunge [Fabaceae], which could

replenish Qi, lift Yang, promote water, and reduce swelling. These

may explain why CXC is superior to other OCPMs in improving visual

acuity and reducing macular thickness.

The NMA showed that HXMMT+CD had the best effect of

reducing the microaneurysm volume. HXMMT is composed of 18

herbs. Modern pharmacological studies have shown that HXMMT

can effectively inhibit platelet aggregation and adhesion and improve

blood rheology (70, 71). In addition, several clinical studies have

shown that HXMMT can effectively improve fundus hemorrhage and

exudation, and stabilize lesion efficacy in patients with NPDR (72,

73). In vitro experiments, HXMMT can effectively reduce retinal

damage through antioxidant, anti-inflammatory, and anti-angiogenic

properties (74). While there are fewer in vivo studies on HXMMT in

DR, they only study applied HXMMT to rats with branch retinal vein

obstruction and found that it could improve retinal edema and

enhance retinal function by improving retinal microcirculation and

regulating VEGF-a expression (75). Compared with other OCPMs,

HXMMT contains Typha angustifolia L and salvia, which are

commonly used clinically to stop bleeding and resolve blood stasis.

Meanwhile, HXMMT has more therapeutic targets shared by

different active ingredients and more signaling pathways, such as

neuroactive ligand-receptor interaction and chemokine signaling

pathway (71), which may be the reason why HXMMT has the best

efficacy in reducing the microaneurysm volume.

SDMMC+CD may be the best intervention in reducing retinal

hemorrhage area, which is consistent with the previously existing

pairwise Meta-analysis results (76). Published studies have

confirmed that SDMMC can improve glucose dyslipidemia and

blood rheology, reduce oxidative stress, and can effectively improve

fundus signs, protect the retinal structure, and reduce retinal

hemorrhage in patients with DR (77, 78). Experimental studies

have shown that SDMMC can improve the blood rheological status

of DR rats, dilate retinal arteries, and improve retinal blood supply

(79). Compared with other OCPMs, SDMMC contains more blood-

cooling herbs such as Ligustrum lucidum W.T.Aiton [Oleaceae],

Eclipta prostrata (L.) L. [Asteraceae], has been proven to reduce the

inflammatory response and inhibit neovascularization by

decreasing the expression of VEGFA and TNF-a (80). It may

explain the better effect of SDMMC in reducing the retinal

hemorrhage area than other OCPMs.
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ADRs also deserve our attention apart from efficacy. However, the

NMA showed that the OCPMs selected in this study did not cause

serious adverse reactions. To use OCPMs in a manner that will limit

ADRs, we suggest that clinicians applying OCPMs should give different

types of OCPMs according to the actual situation of the patients and

patients should avoid taking OCPMs on an empty stomach.
4.2 Strengths and limitations

To our knowledge, this is the first comprehensive evaluation of

different types of OCPMs alone or in combination with CD for NPDR

using a reticulated meta-analysis, and the recommended ranking order

based on efficacy and safety provides a usable basis for clinicians. Our

study has the following strengths: (1) The screening criteria were strict,

with the study population limited to patients with NPDR and CD as a

fixed control, which ensured the uniformity of disease and interventions,

thus reducing heterogeneity to some extent; (2) TheOCPMs selected are

those recommended in the NHSA and NMPA catalogs to ensure

consistency with the actual clinic. (3) This NMA not only focuses on

efficacy indicators such as the clinical efficiency rate, visual acuity, visual

field gray value, microaneurysm volume, hemorrhage area, andmacular

thickness, but also the incidence of ADRs; (4) This NMA projects the

optimal treatment for each outcome indicator according to SUCRA,

which can be used as a reference for the clinic.

Although the current NMA may fill the gap in the efficacy of

different types of OCPMs for NPDR, there are still some limitations:

(1) The overall risk of the vast majority of studies was rated as “some

concern”. And the criteria for clinical efficacy of included studies were

not completely consistent, though all studies were based on the

improvement of visual acuity and fund signs, so the NMA results

should be interpreted cautiously; (2) The number of studies included

in some interventions was limited, with only two, one, and two RCTs

that included HXMMT, DHHYK, and MMDHP, respectively; (3)

The studies included in the current NMA are all from China, so the

NMA results may not apply to other countries; (4) Some of the

OCPMs contain the same monomers which may exert similar

therapeutic effects and may not fully explain the conclusions

reached in our study. The current data extracted from clinical trials

are incapable of exploring interactive effects of integrative therapies

and combination of multiple herbal substances, further studies

focusing on pharmacological features of OCPMs are needed.
4.3 Implications for future RCTs of OCPMs

A large number of RCTs on OCPMs have been published, but issues

regarding poor reporting and the high potential of bias have attracted

widespread attention (81). We believe that the reasons for the poor

quality of RCTs on OCPMs may include the following: (1) In terms of

policy, the regulatory system for OCPMs is not robust enough. Reports

of phase I, II, and III trials for OCPMs are hardly available in public; (2)

Most RCTs for OCPMs do not have pre-specified study protocols and

prospective registration, and thus lack detailed information on sample

size calculation, randomization procedure, blinding, etc. (3) Most of the

trials did not follow RCT reporting guidelines such as SPIRIT and
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CONSORT (82, 83); (4) Although these OPCMs are currently in regular

clinical use in China, most of the published RCTs are single-center

studies with an early publication year and lack data updates (84).

In order to enhance the reporting and conducting of RCTs for

OCPMs, the following four efforts are needed: (1) The regulatory

system for Chinese patent medicines should be strengthened, and

publication of trial results conducted by pharmaceutical companies

and relevant affiliations should be encouraged by the authority to

improve transparency; (2) Investigators should develop detailed study

protocols in advance and register their trial in the clinical trial

registration platform (https://www.chictr.org.cn/index.aspx); (3)

Protocol of RCTs should be reported according to SPIRIT and final

report should be reported according to the CONSORT statement. (4)

Multicenter and large-sample RCTs for OCPMs are recommended.

Moreover, future research should pay more attention on key

methodological issues and the quality of conducting.
5 Conclusions

This NMA evaluated the efficacy and safety of OCMPs alone or

combined with CD for the treatment of patients with NPDR. The

results showed that OCMPs combined with CD or alone were

efficient in improving visual function and fundus signs in NPDR

patients. In terms of improving the clinical efficacy rate and visual

field gray value, CDDP combined with CD and CDDP alone may be

the best intervention. Regarding improving visual acuity and

reducing macular thickness, CXC combined with CD may be the

most effective treatment option. In terms of reducing microaneurysm

volume and hemorrhage area, HXMMT and SDMMC combined

with CD may be the most effective. The OCPMs could increase

clinical efficacy, and neither had a significantly increased risk of

ADRs. However, regarding the limitations in methodology and

potential risk of bias, more RCTs with high quality are needed to

confirm the evidence of the NMA results. OCPMs should be used

with more caution in clinical practice. Besides, RCTs of OCPMs

should pay more attention on key methodological issues and the

quality of conducting in the future.
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Retinal neovascular, neurodegenerative, and inflammatory diseases represented

by diabetic retinopathy are the main types of blinding eye disorders that

continually cause the increased burden worldwide. Pigment epithelium-

derived factor (PEDF) is an endogenous factor with multiple effects including

neurotrophic activity, anti-angiogenesis, anti-tumorigenesis, and anti-

inflammatory activity. PEDF activity depends on the interaction with the

proteins on the cell surface. At present, seven independent receptors,

including adipose triglyceride lipase, laminin receptor, lipoprotein receptor-

related protein, plexin domain-containing 1, plexin domain-containing 2, F1-

ATP synthase, and vascular endothelial growth factor receptor 2, have been

demonstrated and confirmed to be high affinity receptors for PEDF.

Understanding the interactions between PEDF and PEDF receptors, their roles

in normal cellular metabolism and the response the initiate in disease will be

accommodating for elucidating the ways in which inflammation, angiogenesis,

and neurodegeneration exacerbate disease pathology. In this review, we firstly

introduce PEDF receptors comprehensively, focusing particularly on their

expression pattern, ligands, related diseases, and signal transduction pathways,

respectively. We also discuss the interactive ways of PEDF and receptors to

expand the prospective understanding of PEDF receptors in the diagnosis and

treatment of retinal diseases.

KEYWORDS

pigment epithelium-derived factor (PEDF), receptor, adipose triglyceride lipase (ATGL),
laminin receptor (LR), lipoprotein receptor-related protein 6 (LRP6), plexin domain-
containing (PLXDC), F1-ATP synthase, vascular endothelial growth factor receptor
2 (VEGFR2)
1 Introduction

Pigment epithelium-derived factor (PEDF), also known as serpin family F member 1

(SERPINF1), is a 50 kDa protein encoded by the SERPINE1 gene (1). The human gene

encoding PEDF is located on chromosome 17p13.3 and comprises 9 exons encoding a 418

amino acid protein (NCBI Reference Sequence: NG_028180.1). PEDF belongs to the serine
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protease inhibitor superfamily (SERPINS), the members of which

share a common structural element, a reactive center loop (RCL)

(2). Most SERPINS members are serine protease inhibitors,

including plasmin inhibitors, antichymotrypsin, and antitrypsin

(3). However, PEDF is considered to be a noninhibitory serpin as

it is activated after chymotrypsin RCL cleavage and lacks protease

activity (4).

In 1991, Joyce Tombran-Tink et al. first discovered that medium

from retinal pigment epithelial (RPE) cells induced Y79 retinoblastoma

tumor cell differentiation and increased tumor cell neurite outgrowth.

Considering these findings, they identified the protein with the

neurotrophic function induced by RPE cell-conditioned medium and

termed it PEDF (1, 5). In addition to exerting as a neurotrophic factor,

PEDF was recognized for its other functions. One decade after its

discovery, PEDF was shown to protect motor neurons from chronic

glutamate-mediated neurodegeneration (6) and protect photoreceptors

from light damage (7, 8). In addition, PEDF is considered to be a potent

angiogenesis inhibitor, which contributes to its important role in both

antiangiogenesis and antitumorigenesis (9, 10). This discovery initiated

a new era of PEDF function and mechanism exploration in angiogenic

and degenerative diseases, especial ly in diabetes and

diabetic complications.

An increasing number of studies have shown that the PEDF

mechanism of action and related molecular pathways are involved in

mediating or inducing signal transduction. PEDF activity depends on

the high affinity of PEDF for interacting proteins, namely PEDF

receptors on the cell surface (11). Understanding the interactions

between PEDF and PEDF receptors, their roles in normal cellular

metabolism and the response the initiate in disease may help elucidate

the ways in which inflammation, angiogenesis, and neurodegeneration

exacerbate disease pathology. In this review, we introduce these PEDF

receptors to readers in a comprehensive way and suggest the potential

underlying mechanisms for diseases characterized by

mul t ipa tho log i ca l changes , i nc lud ing ang iogenes i s ,

neurodegeneration, and inflammation. This increase in

understanding may lead to new approaches to combat these diseases.
2 PEDF distribution and expression

The mRNA encoding PEDF (SERPINF1 mRNA) has been

identified in several kinds of normal human tissues and organs,

including blood cells, plasma, lymph nodes, brain, spinal cord,

heart, arteries, muscle, lung, eye, bone, colon, kidney, liver, spleen,

breast, thyroid, prostate, and pancreas (12). SERPINF1 mRNA is

also expressed in embryonic ocular tissues. PEDF has been found in

developing cones, RPE granules, neuroblasts and the ganglion cell

layer (GCL) of developing human retinas (13). PEDF can also be

found in the human amniotic membrane (14). In embryonic mouse

eyes, PEDF is first detected on embryonic day (E) 14.5 in RPE cells,

initially in the inner plexiform layer and subsequently, on E18.5, in

the GCL layer, inner nuclear layer, choroid and ciliary body (15). In

mouse embryonic livers, PEDF is found on E12.5, and gradually

increases and maintains high expression in the liver (16). In

addition, PEDF is highly expressed in murine primary long-term

hematopoietic stem cells (HSCs) (17).
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PEDF levels have been shown to be decreased in angiogenic

tissues or organs, such as the retinas from patients with proliferative

diabetic retinopathy (PDR) (18–24). PEDF exerts antiangiogenic

effects by inducing endothelial cell apoptosis (25, 26), which

contributes to its antitumor effects. On the other hand, PEDF

directly promotes differentiation, inhibits proliferation, mediates

tumor cell apoptosis, and ultimately abrogates tumors (12), such as

melanomas (27, 28), pancreatic carcinomas (29), prostate tumors

(30) and ovarian tumors (31). An increasing number of studies on

PEDF have shown that this protein maintains the growth and

development of important organs and supports important organ

functions. For example, PEDF played cardioprotective roles by

increasing glucose uptake in the ischemic myocardium, an effect

mediated through PI3K/AKT signaling and GLUT4 translocation

(32) and enhanced cardiac function by reducing hypoxia-induced

cell injury (33). Pulmonary PEDF expression was increased in

idiopathic pulmonary fibrosis and inversely correlated with

pulmonary microvascular density and vascular endothelial growth

factor (VEGF) levels (34). Plasma PEDF levels in chronic kidney

disease patients were found to be significantly increased compared

with those in patients without chronic kidney disease (35). In

addition, renal PEDF levels were significantly decreased in a

diabetic rat model (36). Exogenously overexpressed PEDF in mice

resulted in the inhibition of retinal neovascularization (RNV) in an

oxygen-induced retinopathy (OIR) model (37). However, PEDF

deficiency caused severe vessel loss in the retinas of the OIR model

mice (38).

The PEDF receptors discovered to date include patatin-like

phospholipase domain-containing protein 2 (PNPLA2)/adipose

triglyceride lipase (ATGL) (39), laminin receptor (25), lipoprotein

receptor-related protein 6 (LRP6) (40), plexin domain-containing 1

(PLXDC1), PLXDC2 (41), F1-ATP synthase (42), and vascular

endothelial growth factor receptor 2 (VEGFR2) (43). In this

review, we expound on the distribution and function of each

PEDF receptor, as well as the molecular signaling pathways in

which they are involved (see Table 1).
3 Receptors that bind to PEDF

3.1 Adipose triglyceride lipase

The dynamic balance between energy intake and consumption

is critical for maintaining the integrity of an organism. When

calorie intake exceeds energy expenditure, the remaining energy is

converted into fatty acids (FAs) and stored as triglycerides (TGs).

However, when energy expenditure (EE) surpasses caloric intake,

TG is hydrolyzed and FAs are released (80). Dysregulated lipolysis

leads to an overabundance of circulating FAs, which leads to several

destructive, lipotoxic pathologic changes, such as insulin resistance,

type 2 diabetes, fatty liver, nonalcoholic fatty liver disease, and

inflammation (44–47). In 2004, three independent institutes

identified ATGL, the main enzyme critical for the initial step of

TG degradation, and named it ATGL (81), iPLA2z (82), and

desnutrin (83). To prevent confusion, we use ATGL in the

following discussion. The human gene encoding ATGL is located
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TABLE 1 PEDF receptor summary.

PEDF
Receptors

Other
Names

Chr Expression in
Tissues

Expression in Cells Ligands Related
Diseases

Reference

ATGL PNPL2
iPLA2z
Desnutrin

11 adipose tissue,
bone marrow,
colon, and small
intestine

human Y-79 cell, mouse photoreceptor
cells (661W), rat photoreceptor cell line
(R28), and bovine retinal RPE cells

PEDF, LC3, ABHD5,
UBXD8, G0S2, HIG2,
TNF-a, insulin, PPAR-g,
PKA, AMPK, and Fsp27

Insulin
resistance
Fatty liver
Inflammation

(44–47)

LRP6 ADCAD2
STHAG7

12 heart, brain,
placenta, spleen,
testes, and
ovaries

human hippocampus, rental tubular cells,
hepatocytes, intestinal epithelial cells,
osteoblasts, osteoclasts, and developing
embryo cells

PEDF, Wnt ligands, and
Fzd

Brain defects
Posterior
truncation
Abnormal limb
patterning
Alzheimer’s
disease
Atherosclerosis
Diabetes
Hyperlipidemia
Hypertension
Coronary
artery disease

(48–55)

PLXDC1 TEM3
TEM7

7 gall bladder,
endometrium,
ovary, heart,
esophagus

endothelial cells and rodent ganglion cells PEDF, LRP1, and Nidogen Glioblastoma
Ovarian cancer
Gastric cancer
Renal cell
carcinoma
Colorectal
cancer
Lung cancer
Breast cancer
Osteosarcoma

(56–64)

PLXDC2 TEM7R 10 gall bladder,
lung, skin,
endometrium,
kidney

human tumor vascular endothelial cells,
neural progenitor cells, pluripotent stem
cells, and hepatocytes

PEDF, Wnt3a, Wnt5a,
Wnt8a, and ADGRD1

Coronary
artery disease
Ovarian cancer
Diabetic
mellitus
Diabetic
retinopathy
Testicular
germ cell
tumors
Sotos
syndrome
Ischemic
stroke
Laryngeal
squamous cell
Carcinoma
Breast
carcinoma
Breast cancer
Colorectal
tumor

(56, 65–74)

LR LAMR
RPSA

3 ovary, lymph
node, bone
marrow,
appendix,
esophagus

tumor cells and blood cells PEDF Breast cancer
Lung cancer
Ovarian cancer
Prostate cancer
Gastric cancer
Thyroid cancer
Leukemia
Lymphoma

(75, 76)

F1-ATP
Synthase

ATP5F1 18
5

heart, kidney,
duodenum,
colon, adrenal

endothelial cells, hepatocytes, adipocytes,
and keratinocytes

PEDF and F0-ATP
Synthase

Angiogenesis
diseases
Lipoprotein
metabolism
diseases

(77)

(Continued)
F
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on chromosome 11p15.5 and includes 10 exons encoding a 504

amino acid protein (NCBI Reference Sequence: NG_023394.1). As a

key participant in lipid catabolism, ATGL is highly expressed in

brown adipose tissue (BAT) and white adipose tissue (WAT).

However, in nonadipose tissues such as skeletal muscle (84), heart

(85), liver (86), lung (87), and ocular tissues, and especially in the

neural retina and RPE cells (ARPE-19 and hTERT) (39), ATGL

mRNA is highly expressed, although at a lower level than in adipose

tissues. In addition, researchers found that ATGL was also

expressed in human Y-79 cells (11), mouse photoreceptor (661W)

cells (88), a rat photoreceptor precursor (R28) cell line (39) and

bovine RPE cells (89). ATGL is mainly localized in TG-rich

intracellular lipid droplets (LDs), and the catalytic site in human

and murine ATGL comprises a dyad consisting of serine 47 and

aspartate 166 at the N-terminus of the protein (81, 90). Notably, the

following factors may affect ATGL localization: the C-terminal

portion includes a hydrophobic LD-binding region, and mutation

in the ATGL C-terminus can negatively affect AGTL-LD binding

(44). In addition, ATGL binds LC3, an autophagosome marker that

promotes ATGL recruitment to LDs (47).

ATGL and hormone-sensitive lipase (HSL) are the major lipases

in adipocytes in humans and mice. Several factors are involved in

the regulation of ATGL activity. During catecholamine-stimulated

lipolysis, for example, PKA phosphorylates a/b hydrolase domain-

containing 5 (ABHD5) and promotes ATGL release from the LD

surface. The direct interaction of ABHD5 with ATGL promotes the

hydrolysis of triacylglycerols (TAG) (91) and broadens region-

specificity of ATGL, because as it no longer exclusively engages in

sn-2 reactions and engages in more sn-1 and sn-2 reactions (92).

Notably, in adipocytes, the combination of an adipocyte- or FA-

binding protein with ABHD5 induces ATGL activity, probably by

preventing the inhibition of ATGL protease activity (93). In

nonadipocytes, ubiquitin regulatory X domain-containing protein

8 (UBXD8) interacts with ATGL and causes the dissociation of

CGI-58, resulting in a decrease in ATGL activity (94). ATGL

activity is activated by ABHD5 and inhibited by the G0S2 protein

in a noncompetitive manner (95). Specifically, G0S2 engages in

direct protein-protein interactions and thus impedes substrate

accessibility (96). Hypoxia-inducible gene 2 (HIG2), a HIF-1
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target, has recently been identified as an inhibitor of ATGL that

directly interacts with the AT GL patatin-like phospholipase

domain (97, 98).

PEDF is also involved in regulating ATGL (see Figure 1). As a

secreted protein, PEDF binds to ATGL on the RPE cell membrane,

mediating the first step in its biological effects (33). PEDF regulates

lipid metabolic functions through a concomitant elevation in the

scavenger receptor CD36. The crucial roles played by PEDF are

thought to be mediated through ATGL activation (99). For

example , PEDF enhances the nuclear import of the

predominantly cytosolic ATGL protein to promote its subsequent

proteasomal degradation in the nucleus, thus diminishing ATGL

protein stability in a COP1-dependent manner (99). During the

development of inflammation-associated hepatic steatosis,

endogenous PEDF directly interacted with ATGL and was

neutralized by TNF-a, possibly in a PPARa-dependent manner

(100). Endothelial damage is critical to vascular leakage and the

subsequent shock in sepsis patients. Elevated serum PEDF levels in

patients with sepsis induced increased extravasation, which was

induced by the abnormal expression of ATGL (101). In addition,

both PEDF and the PEDF-derived peptide 44mer promoted cardiac

triglyceride degeneration by binding to ATGL (33).

ATGL is regulated by many factors at the transcriptional and

post-transcriptional levels. Inmice, ATGL controls energy supply and

systemically hydrolyzes FAs, thereby influencing mitochondrial b-
oxidation and the activation of peroxisome proliferator-activated

receptors (PPARs) (102). ATGL decreases PPAR-g signaling in the

brain and suppresses appetite. Additionally, ATGL-deficient humans

typically have obesity (103). At the transcriptional level, tumor

necrosis factor-a (TNF-a) and insulin decrease ATGL expression,

respectively. In this process, PPAR-g interacts with the ATGL

promoter and induces ATGL mRNA expression (104). Under

starvation conditions, forkhead box protein O1 (FoxO1) showed

increased affinity for the ATGL promoter (105), and this affinity was

decreased by an increase in insulin level (106). Regarding the

posttranscriptional phosphorylation of ATGL, studies with mice

have shown that ATGL phosphorylation at Ser406 either by

protein kinase A (PKA) or adenosine 5’-monophosphate-activated

protein7 kinase (AMPK) increased ATGL activity (107, 108). In
TABLE 1 Continued

PEDF
Receptors

Other
Names

Chr Expression in
Tissues

Expression in Cells Ligands Related
Diseases

Reference

Innate
immunity
diseases
Hypertension
Food intake
dysregulation

VEGFR2 Flk-1
KDR
CD309

4 lacenta, thyroid,
fat, lung,
endometrium

endothelial cells, hematopoietic cells,
macrophages, and smooth muscle cells

PEDF and VEGFA Tumor
angiogenesis

(78, 79)
f

Chr, Chromosome; PNPL2, Patatin-Like Phospholipase Domain Containing 2; iPLA2z, Independent Phospholipase A2-z; ADCAD2, Coronary Artery Disease, Autosomal Dominant 2;
STHAG7, Selective Tooth Agenesis 7; TEM3, Tumor Endothelial Marker 3; TEM7, Tumor Endothelial Marker 7; TEM7R, Tumor Endothelial Marker 7-Related Protein; LAMR, Laminin
Receptor; RPSA, Ribosomal Protein SA; Flk-1, Fetal Liver Kinase 1; KDR, Kinase Insert Domain Receptor; CD309, Cluster of Differentiation 309; ATP5F1; ATP Synthase F1; LC3, Light Chain 3;
ABHD5, a/bHydrolase Domain-Containing 5; UBXD8, UBX Domain-Containing Protein 8; G0S2, G0/G1 Switch 2; HIG2, Hypoxia-induced Gene 2; TNF-a, Tumor Necrosis Factor-a; PPAR-
g, Peroxisome Proliferators-Activated Receptors-g; PKA, Protein Kinase A; AMPK, Adenosine 5’-Monophosphate Activated Protein Kinase; Fsp27, Fat Specific Protein 27; Fzd, Frizzled; LRP1,
Laminin Receptor Protein 1; ADGRD1, Adhesion G Protein-Coupled Receptor D1; VEGFA, Vascular Endothelial Growth Factor 1; F0-ATPase, F0-ATP Synthase 3 Receptors that bind to PEDF.
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addition, fat-specific protein 27 (Fsp27) reduced ATGL transcript

levels by regulating the affinity of early growth response proteins for

the ATGL promoter in human adipocytes and thus decreased ATGL-

mediated lipolysis (109, 110) (see Figure 1).
3.2 Lipoprotein receptor-related protein 6

Lipoprotein receptor-related protein 6 (LRP6) was first isolated

by Sheryl D. Brown et al., who reported the chromosomal location

of LRP6 on human chromosome 12 in 1998 (111). The low-density

lipoprotein receptor (LDLR) family comprises cell surface

receptors, and several members are involved in numerous

signaling pathways and are expressed in various target organs

(112). LRP6 is a unique member of the LDL receptor gene family,

as indicated by sequence comparisons, and exhibits the closest

relationship to the LRP5 gene, a possible therapeutic target for type

1 diabetes (113). Both LRP5 and LRP6 function as coreceptors in

the Wnt/b-catenin pathway (111); nevertheless, studies have

indicated that LRP5 and LRP6 act distinctly owing to differences

in their tissue distribution and affinity for individual Wnt ligands

(114). LRP5 and LRP6 are structurally related, exhibiting

approximately 71% homology at the nucleotide level, and are

broadly expressed in humans, including the hippocampus, renal

tubular cells, hepatocytes, intestinal epithelial cells, osteoblasts, and

osteoclasts (115). Although LRP5 and LRP6 are functionally and

structurally similar, LRP6 is more closely related to glucose and

lipid metabolism signaling pathways and plays a more crucial role

in developmental processes than LRP5 (116–118).
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The human LRP6 (hLRP6) gene is located on chromosome

12p13.2, is 150 kb long and consists of 23 exons. hLRP6 is highly

evolutionarily conserved, with negligible differences observed

among Drosophila, Xenopus and Mus (119). LRP6 is highly

expressed in the heart, brain, placenta, spleen, testes and ovaries

but is expressed at low levels in the liver, skeletal muscle, prostate

and colon mucosa (111). Mice show LRP6 expression levels in the

heart, brain, lungs and kidneys similar to those in humans (111).

According to a bgeo reporter activity assay, LRP6 is an endogenous

gene and has been detected in all types of developing embryo

cells (120).

In mice, LRP6 is essential to the canonical and noncanonical

Wnt signaling pathways. When the LRP6 gene carries an insertion

mutation and an individual Wnt gene is mutated, Lrp6-/-

homozygous embryos present developmental defects (120). Mice

that lack LRP6 genes typically exhibit mid-/hindbrain defects,

posterior limb truncations, and abnormal limb patterning, similar

to Wnt7a-mutant mice (48). In addition, LRP6 plays an important

role in the mouse forebrain (121). In Alzheimer’s disease (AD), a

neurodegenerative disorder characterized by deficient cognitive

processes and the accumulation of amyloid precursor protein

(APP) and amyloid-b, LRP6 mutations are considered to be

pathogenic factors. Notably, the conditional deletion of the LRP6

gene in mouse forebrain neuronal cells led to the destruction of

synaptic integrity and memory loss in an age-dependent manner,

potentially due to increased processing of APP in to amyloid-b (51).

In addition, De Ferrari GV et al. showed that in two brain bank data

series, a single nucleotide polymorphism (SNP) in exon 18 of LRP6

was associated with Alzheimer’s disease (49).
FIGURE 1

Schematic representation of PEDF-activated ATGL signaling. PEDF binds to the cell surface membrane receptor ATGL, which leads to the
upregulation of PPARg and then suppresses NFĸB at the transcriptional level, subsequently leading to decreased inflammation and an increased
apoptosis rates. PEDF also enhances nuclear import of +predominantly cytosolic ATGL protein for its subsequent proteasomal degradation in the
nucleus, thereby diminishing ATGL protein stability in a COP1-dependent manner, which enhances the release of LDs. In addition, the PEDF-ATGL
interaction promotes the hydrolysis of TGs and the release of FAs. Red lines represent inhibited pathways, and black arrows show activated
pathways. PPAR-g, peroxisome proliferator-activated receptor g; NFĸB, nuclear factor ĸB; COP1, constitutive photomorphogenic 1; LDs, lipid
droplets; TGs, triglycerides; FAs, fatty acids.
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Recently, a reduction in Wnt-mediated transcription resulting

from mutations in LRP6 has been confirmed to lead to several

features of metabolic syndrome, including atherosclerosis (50),

diabetes (55), hyperlipidemia (50, 53), and hypertension (54), but

not obesity. Coronary artery disease (CAD) is usually caused by

several risk factors of metabolic syndrome. In 2007, Mani et al.

reported on a family with autosomal dominant early CAD,

characterized by the features of hyperlipidemia, hypertension, and

osteoporosis, which were found to be associated with a short piece

of chromosome 12p; specifically, the group identified a mutation in

LPR6 that encoded a coreceptor in the Wnt signaling pathway (52).

The identified mutation damaged the Wnt signaling pathway in

vitro because an arginine residue in the epidermal growth factor-

like (EGF-like) domain was replaced with a cysteine residue. This

finding encouraged the investigators to focus on the relationships

between LRP6 and various human diseases, especially

atherosclerosis (51).

After the binding of the Wnt ligand, the Fzd/LRP6 receptor and

the scaffold protein Dishevelled (Dvl) form a signaling body that is

endocytosed. The signaling body induced glycogen synthase kinase

3 (GSK3)-mediated phosphorylation of LRP6 on the PPPSP motif,

which initiated the phosphorylation of adjacent S/T clusters

through casein kinase 1g (CK1g) (122, 123). In addition to GSK3,

other kinases phosphorylate the LRP6-PPPSP motif in a Wnt-

independent manner. For example, due to the initiation of

phosphorylation of cyclin-dependent kinase 14 (CDK14/PFTK1)

and its regulators, mitotic cyclin Y and cyclin Y-like 1 (CCNY/

CCNYL1), the ability of LRP6 to respond to Wnt ligands is greatest

during the G2/M period (123–127). Phosphorylated LRP6 recruits a

polyprotein called the “destruction complex”, which includes the

scaffold protein Axin and Adenomatous Polyposis Coli(APC)

tumor suppressors, the kinases CK1a and GSK3, and the protein

E3 ubiquitin ligase b-transduction protein repeat sequence (b-
TrCP). In the absence of Wnt ligands, CK1a and GSK3 in the

destruction complex phosphorylate b-catenin, inducing b-TrCP-
mediated degradation by the proteasome. Wnt/LRP6 signaling

inhibits destruction complex activity through at least two

mechanisms. First, GSK3 is the product of inhibited LRP6

phosphorylation. Second, the signaling body matures into a

multivesicular body, in which the destruction complex is isolated

with LRP6. Wnt/LRP6 signaling is enhanced by members of the R-

sponge protein (RSPO) family of secreted proteins, which bind to

the LGR4/5 receptor and the E3 protein ligase RNF43/ZNRF3 to

stabilize the Wnt receptor on the cell surface (54, 128–133).

The canonical Wnt signaling pathway is a conservative

intracellular signaling pathway. When the receptor complex on

the cell surface, specifically, the Wnt-Fzd-LRP5/6 complex, binds to

a Wnt ligand, the canonical Wnt pathway is rapidly activated. Then,

Wnt phosphorylation of the cytoplasmic tail of the Fzd-LRP5/6

complex triggers the recruitment and phosphorylation of disheveled

protein (also known as Dishevelled, Dvl) in the cytoplasm (134,

135). Subsequently, Axin is recruited to the receptor complex to

inhibit its decomposition and the phosphorylation of b-catenin.
The stable nuclear translocation of soluble b-catenin in the

cytoplasm promotes the activation of the downstream Wnt/b-
catenin signaling pathway via the transcription and translation of
Frontiers in Endocrinology 06159
target genes (134, 135). In the absence of Wnt ligands or in the

presence of Wnt receptor inhibitors, b-catenin is bound by Axin,

Axin and casein kinase Ia (CKIa) and glycogen synthase kinase 3b
(GSK3b); moreover, two APC protein kinases combine to form a

destruction complex (134). CKIa and GSK3b mediate the

phosphorylation of b-catenin in the cytoplasm. Phosphorylated b-
catenin is recognized by b-TrCP and induces ubiquitination, which

ultimately leads to the degradation of b-catenin (136). Many

inhibitors of the Wnt signaling pathway, including Dickkopf

WNT Signaling Pathway Inhibitor 1, DKK-1 (137), R-spondins

(138), Norrin (139), endostatin (140), PEDF (40), and very low-

density lipoprotein receptor, have been identified (141, 142). These

negative regulatory molecules of the Wnt signaling pathway

ultimately lead to the transcription of target genes, inducing cell

proliferation, differentiation, or apoptosis (see Figure 2).
3.3 Plexin domain-containing 1 and plexin
domain-containing 2

Plexin domain-containing 1 (PLXDC1), also known as tumor

endothelial marker 7, is a member of the tumor vascular endothelial

marker family (143). The genes encoding PLXDC1 are highly

expressed during tumor angiogenesis and enriched in many types

of tumor endothelial cells (144), including glioblastoma

endothelium (57, 63), ovarian cancer (62), gastric cancer (60),

renal cell carcinoma (61), colorectal cancer (64), lung cancer (58),

breast cancer (56), and osteosarcoma (59). PLXDC1 has been found

to be highly expressed in the endothelial cells in the ocular disease

DR context and is highly specific to diseased blood vessels (145).

PLXDC1 has also been shown to be expressed in rodent retinal

ganglion cells (RGCs) (145). Transmission electron microscopy has

revealed that PLXDC1 was mainly expressed at tight junctions

between endothelial cells, and some PLXDC1 expression was

detected on the surface of the blood vessel lumen (146).

PLXDC1 is a novel LRP1-regulated cell-signaling protein.

Regulation of PLXDC1 activity by LRP1 was confirmed in CHO

cells, and in extracts of RAW264.7 cells and mouse liver, PLXDC1

coimmunoprecipitated with LRP1 (147). The Nidogen/PLXDC1

interaction enhanced cell spreading in PLXDC1-transfected 293T

cells, suggesting that Nidogen is a candidate ligand for PLXDC1

(148). Akash Nanda et al. identified cortactin as a protein candidate

for binding to the extracellular region of both PLXDC1 and its

closest homolog, which were all expressed in the tumor

endothelium (146).

Plexin domain-containing 2 (PLXDC2) is a largely

uncharacterized transmembrane protein with a homologous

nidogen region and a plexin repeat in its extracellular domain. In

mice, PLXDC2-betageo expression is prominent in the brain,

including in the cortical hem, midbrain-hindbrain boundary, and

midbrain floorplate, during midembryonic stages (E9.5-E11.5). On

E15.5, PLXDC2 expression was apparent in a large number of

discrete nuclei and structures throughout the brain, including the

glial wedge and derivatives of the cortical hem. PLXDC2 was also

found to be expressed in other tissues, most notably the limbs, lung

buds and developing heart, as well as in the spinal cord and dorsal
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root ganglia (149). In humans, PLXDC2 has been found to be

expressed in endothelial cells of the tumor stroma, neural

progenitor cells, and pluripotent stem cells and in human

hepatocellular carcinoma (HCC) tissues, including HCC cells,

tumor vascular endothelial cells, and some infiltrating cells (150).

The PLXDC2 level is elevated during tumor angiogenesis (143).

PLXDC2, a mitogen for neural progenitors, has been shown to be a

novel regulator of the development of different brain regions

involved in the coordinated control of cell proliferation and cell

fate along and across the neuraxis (151). PLXDC2 expression

increases during cellular senescence and is a marker of adult stem

cells (152). In addition, PLXDC2 has been associated with CAD

(72), ovarian cancer (73), diabetes mellitus (71), DR (68), testicular

germ cell tumors (74), Sotos syndrome (66), ischemic stroke (70),

laryngeal squamous cell carcinoma (69), breast cancer (56), and

colorectal tumors (65, 67).

In 2014, Guo Cheng et al. identified PEDF binding to PLXDC1

and PLXDC2 on the surface of 293T cells (see Figure 3). PEDF

interacted with PLXDC1 to promote the secretion of interleukin-10

by macrophages, which exerted neuroprotective effects on rat

RGCs, and PEDF combined with PLXDC2 promoted apoptosis in

endothelial cells (41). With few reports on the role or mechanism of

PEDF and PLXDC in DR or neovascular fundus diseases, PLXDC1
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has been shown to inhibit cell proliferation and invasion in tumor

cells, promote endothelial cell separation in mice. With a protective

effect on RGCs, PLXDC1 is likely to be an important receptor for

PEDF, particularly in fundus diseases. In addition to PEDF, other

molecules are ligands of PLXDC1 or PLXDC2. Moreover, members

of the Wnt family (Wnt3a, Wnt5a and Wnt8b) show a striking

overlap with PLXDC2 expression in certain areas (69). Cortactin

can bind to the extracellular terminus of PLXDC2 (152). PLXDC2

has also been shown to be an activating ligand for ADGRD1 on

cumulus cells (153).
3.4 Laminin receptor

The laminin receptor (LR) is a laminin-binding protein with a

molecular weight of approximately 67 kDa and is a nonintegrin cell

surface receptor of the extracellular matrix (154). LR contributes to

laminin binding, ribosome biosynthesis, cytoskeletal organization,

and nuclear function, and it controls key cellular processes,

including cell adhesion, migration, proliferation and survival,

protein synthesis, development, and differentiation (76). Research

on LR is mainly focused on its role on the development of tumors,

specifically its promotion of tumor cell adhesion to the basement
FIGURE 2

Schematic representation of PEDF-activated LRP6 signaling. PEDF binds to the Fzd-LRP5/6 complex and activates the canonical Wnt/b-catenin
pathway. The key protein Dvl is recruited and phosphorylated, subsequently forming a destruction complex that also includes Axin, CKIa, GSK3b, and
APC tumor suppressors and inhibiting the phosphorylation and nuclear translocation of b-catenin, which is bound. This process leads to changes in
target gene transcription and expression, which reduce the occurrence of relevant pathological consequences, such as oxidative stress,
inflammation, and NV. Dvl, dishevelled; CKIa, casein kinase Ia; GSK3b, glycogen synthase kinase 3b.
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membrane, which is the first step in the tumor cell invasion and

metastasis. Therefore, compared with normal cells, LR in tumor

cells is overexpressed, and its overexpression is considered to be a

molecular marker of cancer metastasis and aggressiveness,
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including breast cancer, lung cancer, ovarian cancer, prostate

cancer, gastric cancer, thyroid cancer, leukemia and lymphoma

(75, 76).

In vitro yeast two-hybrid screening experiments confirmed that

LR is a cell membrane surface receptor of PEDF. Researchers have

also determined that the PEDF isoform that interacts with LR

consists of 34 peptides. Surface plasmon resonance analysis showed

that PEDF interacts with LR, and PEDF also interacts with

endothelial cells. LR-plasma membrane binding induces

endothelial cell apoptosis and inhibits endothelial cell migration

and the formation of vascular networks in vitro (25). The

combination of the PEDF 34mer and LR may also mediate

endothelial cell apoptosis through the LR-JNK-PPAR-g-FasL-
caspase 8 pathway, thereby exerting an anti-NV effect in the

retina. In apoptotic cells, the PEDF 34mer binds to LR to

phosphorylate JNK/MAPK, which then activates the transcription

factor PPARg through PPARg ligand binding and nuclear

translocation. In the nucleus, PPAR-g and RXR combine in the

form of heterodimers and recruit specific nuclear coactivators that

activate the transcription of target FasL genes in a ligand-dependent

manner. Both PPAR-g and RXR promote the transcription

mechanism initiated at FasL gene promoters, ultimately inducing

the expression of FasL protein (155) (see Figure 4).
3.5 VEGFR2

Three VEGFR subtypes are encoded by different genes:

VEGFR1 (Flt-1 in mice) and VEGFR2 (Flk-1; KDR) are

structurally similar, while VEGFR3 (Flt-4) carries proteolytically

cleaved extracellular domains (156–158). VEGF receptors are

highly expressed in endothelial cells, hematopoietic cells,
FIGURE 4

Schematic representation of the PEDF-activated laminin receptor. The PEDF 34mer binds to LR to activate the JNK-PPAR-g-dependent signal
transduction pathway. Subsequently, the combination of PPAR-g and RXR is activated in the nucleus, promoting the transcription mechanism of FasL
gene promoters and affecting biological processes through the upregulation of Caspase 8, such as cell apoptosis, migration, and tube formation.
JNK, Jun N-terminal kinase; RXR, retinoid X receptor.
FIGURE 3

Schematic representation of PEDF-activated PLXDC1 or PLXDC2
signaling. PEDF binds to the cell-surface homologous membrane
proteins PLXDC1 and PLXDC2 through their extracellular domains.
Domain B plays an important role in binding PEDF. The TM and the
C-terminus of these receptors mediate downstream signaling.
Ultimately, this signal transduction mechanism stimulates the
PLXDC1-dependent secretion of IL-10, which exerts neuroprotective
and apoptosis-promoting effects in combination with PLXDC2. TM,
transmembrane domain; IL-10, interleukin-10.
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macrophages, and smooth muscle cells (159–161). VEGF-A

isoforms drive physiological and pathophysiological angiogenesis

via VEGFR1 and VEGFR2 signaling, while lymphatic angiogenesis

is mediated by VEGF-C/D isoforms via VEGFR3 (162). VEGFR2 is

a large membrane protein consisting of seven extracellular

immunoglobulin (Ig)-like domains, a single transmembrane helix,

and a split intracellular kinase domain. VEGF-A is an endogenous

agonist of VEGFR2 that binds to ligand binding sites in Ig-like

domain 2 (D2) and D3 on the basis of the stoichiometry of one

VEGF-A dimer to one VEGFR dimer (163, 164).

VEGF-A, VEGFR1, and VEGFR2 play important roles in

physiological and pathological angiogenesis, including tumor

angiogenesis. Although VEGF-A isoforms exhibit similar

VEGFR2-binding properties, activation of VEGFR2 is a complex

multistep process. The VEGFR2 signaling pathway is critical for

controlling vascular endothelial cell activity, migration, and

permeability (165, 166). In cancer cells, transcription factors

induced by hypoxia-inducible factors rapidly increase gene

transcription rates, resulting in elevated levels of VEGF gene

expression while enhancing the stability of VEGF mRNA (78, 79).

The direct result of VEGF-VEGFR binding is endothelial cell

budding, increased vascular permeability, and increased

expression of tissue matrix metalloproteinases, resulting in

extracellular matrix digestion. These processes lead to the

movement of endothelial and pericyte cells, eventually leading to

vasodilation and the formation of pathological vascular networks.

In 2006, Jianxing Ma demonstrated that PEDF inhibited

VEGFR2 (167). PEDF inhibits VEGF expression at the

transcriptional level by inhibiting hypoxia-induced increases in

VEGF promoter activity, HIF-1 nuclear translocation, and

mitogen-activated protein kinase phosphorylation. Other

investigators have reported that PEDF exerts the anti-VEGF

actions by binding to its key angiogenic receptor, VEGF-R2 (43).

This binding inhibits receptor activation and ultimately reverses

critical downstream VEGF-A signaling by reducing VEGF-R2

tyrosine kinase activity and inhibiting two phosphorylation sites

in VEGF-induced HUVECs (Y951 is critical for cell migration and

pathological angiogenesis, and Y1175 phosphorylates downstream

signaling). Inhibition of VEGF angiogenesis signaling molecules

such as PI3K, PLC-g, FAK and Src may regulate many aspects of

endothelial cell biology, including cell proliferation, migration, and

survival. Behzad Shahbazi et al. also showed that PEDF binds to the

VEGFR2, as well as laminin receptor much stronger than ATP

synthase b-subunit, VEGFR1, and LRP6 using molecular docking,

molecular dynamics (MD) simulation, and Molecular mechanics/

Poisson-Boltzmann surface area (MM/PBSA) approach. Besides,

the N-terminal of PEDF owns the most important enactment in the

interaction with its receptors (168).
3.6 F1-ATP synthase

F-ATP is an ATP synthase in the bacterial plasma membrane,

the eukaryotic mitochondrial inner membrane and chloroplast

thylakoid membrane. F-ATPase leverages the membrane proton

gradient to drive ATP synthesis, passing the passive proton flux
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through the membrane along its electrochemical gradient, and

releasing newly formed ATP from the active site of F-ATP

synthase using the energy released by transport reaction (169). F-

ATP synthase is composed of two domains, F0-ATP synthase and

F1-ATP synthase. In previous studies on angiogenesis, lipoprotein

metabolism, innate immunity, hypertension or food intake

regulation, F1-ATP synthase was found to be expressed only in

cell mitochondria and was used to synthesize ATP that was needed

by cells(77). Luigi Notari et al. demonstrated for the first time that

PEDF binds F1 ATP synthase b subunit on the endothelial cell

surface and inhibits endothelial extracellular ATP synthesis (170).

In addition, F1-ATP synthase can inhibit cell growth, proliferation,

and migration and directly induce multiple forms of cell

death (171).
4 Therapeutic roles of PEDF and its
receptors in ocular fundus diseases

Millions of people worldwide are affected by ocular fundus

diseases such as DR, age-related macular degeneration (AMD),

retinal vein occlusion (RVO), retinal artery occlusion (RAO), and

fundus tumors. Inflammation, oxidative stress, neurodegeneration,

and neovascularization (NV) are involved in the development of

these diseases. As an endogenous multifunctional factor, defects or

deficiencies that alter PEDF expression have been shown to be

closely related to the progression of some of the abovementioned

diseases. Related studies have shown that PEDF levels are markedly

decreased in the vitreous, retinas and aqueous humors of diabetic

patients with proliferative DR compared with those of either

nondiabetic individuals or diabetic patients with nonproliferative

DR (18, 24, 172). The high-glucose environment in diabetic patients

directly downregulates the expression of PEDF in RPE cells,

resulting in the loss of its inhibitory effect on angiogenesis. Other

studies have shown that the early postnatal retinal vascularization

occurs at a faster rate in PEDF-deficient mice, and NV has been

observed in the OIR model (26, 38). Injection of exogenous PEDF

into the vitreous can significantly inhibit this pathological change

(173). These studies have shown that an increase or decrease in

PEDF expression is likely important to the development of

retinopathy of prematurity (ROP) lesions and abnormal vascular

changes. Notably, Holekamp et al. and Park et al., studying

neovascular age-related macular degeneration (nAMD) patients

and an argon laser-induced choroidal neovascularization (CNV)

model in BN rats confirmed that decreased PEDF expression levels

were associated with oxidative damage to RPE cells and may lead to

CNV formation, which is a key factor in AMD pathological changes

(37, 174). Moreover, studies with proliferative vitreoretinopathy

(PVR) patients have shown increased levels of PEDF in the vitreous

(175), suggesting that PEDF may act through a positive regulatory

feedback loop to counteract the angiogenic response and inhibit the

activity of fibrotic factors. The dynamic changes in PEDF levels in

the abovementioned case studies suggested its potential therapeutic

role in related fundus diseases. Clarifying the mechanism and

molecular pathway of signal transduction mediated or induced by

the membrane surface receptor of PEDF will contribute to the in-
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depth understanding of the pathological mechanism of fundus

lesions and provide new ideas for disease intervention

and treatment.

There are extensive reports on the role of PEDF and ATGL in

ophthalmology. As mentioned above, ATGL is expressed in a

variety of cells in the eye. In the natural retina, ATGL is

distributed in the RPE, the inner segments of photoreceptors, and

inner nuclear and RGC layers (39). Western blots of ARPE-19 cells

and R28 cells membrane fractions yield a single 83-kDa band

representing an immunoreactive protein. Specific biotinylation of

cell-surface proteins enables ATGL labeling in ARPE-19 cells, and

kinetic experiments have shown that fluorescein-labeled human

recombinant PEDF binds to cell-surface proteins with a structure

similar to that of ATGL. Based on these findings, ATGL is

considered to be a plasma membrane protein that interacts with

PEDF in these retinal cells (39). ATGL shows phospholipase A2

(PLA2) activity, which is enhanced after binding to PEDF, resulting

in the release of active nonesterified fatty acids (NEFAs) and

lysophosphatidic acid (LPA), which can be a second messenger or

interact with C protein-coupled receptors (107). PEDF increases the

PLA activity of ATGL, which plays a potential role in regulating the

survival-promoting effect of PEDF on R28 cells (39). Retinal NV is a

factor in a variety of eye-blinding diseases, such as DR and ROP.

PEDF possibly exerts its antiangiogenic effects by interacting with

ATGL in endothelial cells, as indicated by PEDF upregulation of

FasL expression by regulating NF-kB in a PNPLA2-dependent

manner (102, 103). Ocular neurodegenerative diseases such as

glaucoma, hypertensive and ischemic retinopathies are results of

the death of RGCs. Müller cells endow neonatal RGCs with trophic

properties, and Müller cell-derived PEDF is secreted to support the

regeneration of damaged RGCs. Researchers have shown that PEDF

secreted by Müller cells promoted RGC survival through the

engagement of ATGL (104). R28 cells express neuronal genes and

carry functional cell-surface ATGL. PEDF specifically binds to the

L4 region in ATGL, which is between Ile193 and Leu249, and thus

protects R28 cells from undergoing apoptosis. In other words,

ATGL, especially its L4 ectodomain, is essential to the anti-

apoptotic and survival effects of PEDF on retinal cells (105).

LRP6 is one of the most widely studied receptors of PEDF, and

it plays an important role in the occurrence and progression of DR.

Notably, compared with that in nondiabetic controls, the activation

of the Fzd-LRP5/6 coreceptor complex in the retina of patients with

nonproliferative DR was significantly increased. Studies have shown

that in two different recently developed ocular vessel models: OIR

mice, which develop ischemia-induced retinal NV, or Vldlr−/−mice,

which develop subretinal NV, the Wnt signaling pathway was

activated, and b-catenin was translocated into the nucleus and

negatively correlated with the retinal PEDF level (40). Intravitreal

injection of PEDF significantly inhibited Wnt signaling pathway

activation in this mouse model retina by binding to LRP6 with high

affinity and subsequently regulating the expression of downstream

target genes, including VEGF, PPAR, MMP2, MMP9, TNF, FGF

and BMP-4. As a result, the increase in the oxidative stress response,

the increase in the inflammatory response level and the formation

of retinal NV in the pathogenesis of DR were attenuated,

demonstrating a therapeutic role in DR.
Frontiers in Endocrinology 10163
The function and mechanism of PEDF action in fundus diseases

mediated through other receptors have not been fully studied.

Recent studies, however, have shown that in animal models of

retinal NV (an OIR model and a laser-induced CNV model), both

the PEDF 34mer and PEDF polypeptide 336 (PEDF 336) exhibit

high affinity for LR (176). In a CNV model, PEDF 34mer spot

treatment significantly inhibited the formation of CNV through its

interaction with LR. In the OIR model, PEDF 336 bound LR with

high affinity and inhibited retinal NV (176). In choroidal and retinal

endothelial cells, VEGF induced LR expression, which can be

inhibited by PEDF 336 (177). In addition, although the roles and

mechanisms of PEDF and PLXDC in the eye have rarely been

reported, considering that PEDF-activated PLXDC1 protected rat

RGCs and that the combination of PEDF and PLXDC2 induced

apoptosis of endothelial cells (41), these two membrane receptors

may be important to PEDF effects on fundus diseases. They are

therefore worthy of further study by researchers. The correlation

between VEGFR2 activation and NV has been widely recognized.

Zhang et al. proposed that the competitive blockade of VEGF-

VEGFR-2 binding by PEDF may be crucial for PEDF effects on

VEGF-induced permeability and angiogenesis in retinal capillary

endothelial cells (167). Besides, PEDF bound specifically to the

extracellular domain of VEGF-R2 and prevented activation of an

intrinsic tyrosine kinase, disrupting the flow of VEGF-A

downstream signals in primate retinal vascular endothelial cells

(43). Furthermore, F1-ATP synthase inhibited cell growth,

proliferation, and migration by inhibiting extracellular ATP

synthesis and directly induced death in several cell types (19).

Therefore, the interaction between PEDF and F1-ATP synthase

may reasonably explain for the inhibitory effect of PEDF on

NV (42).
5 Conclusion

PEDF receptors are widely expressed in ocular tissues and

exhibit important physiological and pathological significance.

These characteristics implicate the importance of basic research

and clinical application of PEDF in the diagnosis, pathogenesis

and drug development of DR. DR is a preventable but incurable

type of blindness. At present, intravitreal injection of anti-

VEGF drugs is an effective treatment method to control retinal

NV in patients with DR. Among the many types of anti-VEGF

drugs, monoclonal antibody anti-VEGF drugs (such as

bevacizumab and ranibizumab) target VEGFR2 and have been

designed to antagonize the binding of VEGF and VEGFR2.

However, these anti-VEGF treatments still present certain

limitations. A number of clinical studies have shown that the

effect of anti-VEGF treatment in the clinic was clearly inferior to

that obtained in Phase III clinical trials. After intravitreal injection,

vision initially improved compared with that at the baseline, but it

continued to decrease, not maintaining the initial benefits.

Moreover, not all patients responded to anti-VEGF treatment.

Exploring new treatments for retinal NV, reducing the number of

intravitreal injections by optimizing treatment methods, and

administering sustained-release preparations/eye drops have
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always been the research focus of ophthalmologists and

scientific researchers.

Since it was discovered in 1989, PEDF has shown great potential

as a drug target for the treatment of DR due to its antiangiogenic,

anti-inflammatory, neuroprotective, and neurotrophic effects. With

increasing attention on PEDF and the gradual deepening of relevant

exploration, an increasing number of researchers have focused on

mechanist ic research, drug development and cl inical

transformation of PEDF-specific peptides with biological effects

and have clarified the high-affinity structure of PEDF and PEDF

receptors. Domains and specific amino acid sequences are helpful to

locate PEDF-derived peptides that can truly perform a certain

biological function. The therapeutic effect of PEDF-derived

peptides is clear and focused, and as a therapeutic drug, its

administration method is more adaptable and efficient. For

example, drug loaded exosomes or nanomaterials exert

therapeutic effects of the PEDF polypeptide to a greater extent

than other methods. Therefore, it is important to accelerate the

clinical translation and application of PEDF peptides.

Regarding the study of PEDF receptors alone, the roles of LRP6,

ATGL and LR in the pathogenesis of DR are relatively clear. For

example, the expression levels of LRP6 and ATGL are clearly related

to DR pathogenesis, the severity of the disease, and the VEGF

expression level. Therefore, the PEDF receptor may be used as a

predictive biomarker for the development and progression of DR,

which can help in the diagnosis of the disease. In addition, PEDF

receptors are expressed not only in eye tissues but also in various

tissues of the body, such as heart, bone marrow, kidney and so on.

The study of the mechanism of PEDF receptors in nonocular

diseases can broaden the horizons of researchers and help their

exploration into DR pathogenesis more comprehensively.

There are still certain limitations to the development of

treatments that target PEDF receptors. PEDF binds to different

receptors and may exert the same effect. For example, by binding to

ATGL or LRP6, PEDF exerts anti-inflammatory effects. If ATGL is

blocked, LRP6 may continue to compensate and have the

inflammatory functions. In addition, most PEDF receptors are

not specific receptors and blocking these receptors will affect the

physiological functions of other ligands bound to them.

Besides, although PEDF has shown strong therapeutic potential

in the ophthalmology field, only one Phase I clinical study has

shown that an adenovirus carrying PEDF exerted a therapeutic

effect in patients with advanced neovascular age-related macular

degeneration. To mediate a biological effect, PEDF must first be

ligated to its cell membrane surface receptor. Moreover, PEDF

binds to a specific domain of the PEDF receptor or a regulatory site
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to mediate its biological function. Through the identification of

these binding sites, the true value of receptor research in the

development of corresponding DR treatments can be demonstrated.
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Glossary

ABHD5 a/b hydrolase domain-containing 5

AD Alzheimer’s disease

ADCAD2 Coronary Artery Disease, Autosomal Dominant 2

ADGRD1 Adhesion G-protein coupled receptor D1

AMPK Adenosine 5’-monophosphate-activated protein kinase

APC Adenomatous Polyposis Coli

APP Amyloid precursor protein

ATGL Adipose triglyceride lipase

ATP5F1 ATP Synthase F1

BAT Brown adipose tissue

BMP-4 Bone morphogenesis protein 4

CAD Coronary artery disease

CCNY/CCNYL1 Cyclin Y and cyclin Y-like 1

CD309 Cluster of Differentiation 309

CDK14 Cyclin-dependent kinase 14

CHO Chinese hamster ovary

Chr Chromosome

CK1g Casein kinase 1g

CKIa Casein kinase Ia

CNV Choroidal neovascularization

COP1 Constitutive photomorphogenic 1

D2 Domains 2

DKK-1 Dickkopf-1

Dvl Dishevelled

E Embryonic day

EE Energy expenditure

EGF-like Epidermal growth factor-like

F0-ATPase F0-ATP Synthase

FAs Fatty acids

FGF Fibroblast growth factor

Flk-1 Fetal Liver Kinase 1

FoxO1 Forkhead box protein O1

Fsp27 Fat specific protein 27

Fzd Frizzled

G0S2 G0/G1 Switch 2

GCL Ganglion cell layer

GSK3 Glycogen synthase kinase 3

HCC Human hepatocellular carcinoma

(Continued)
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HIG2 Hypoxia-induced Gene 2

HIG2 Hypoxia-inducible gene 2

hLRP6 human LRP6

HSCs Hematopoietic stem cells

HSL Hormone-sensitive lipase

Ig Immunoglobulin

IL-10 interleukin-10

iPLA2z Independent Phospholipase A2-z

JNK Jun N-terminal kinase

KDR Kinase Insert Domain Receptor

LAMR Laminin Receptor

LC3 Light Chain 3

LDLR Low-density lipoprotein receptor

LDs Lipid droplets

LPA Lysophosphatidic acid

LR Laminin receptor

LRP1 Laminin Receptor Protein 1

LRP6 Lipoprotein receptor-related protein 6

MD Molecular dynamics

MM Molecular mechanics

MMP2 Matrix metallopeptidase 2

nAMD neovascular age-related macular degeneration

NEFA Non-esterified fatty acids

NFĸB Nuclear factor ĸB

NV neovascularization

OIR Oxygen-induced retinopathy

PBSA Poisson-Boltzmann surface area

PEDF Pigment epithelium-derived factor

PKA Protein kinase A

PLA2 Phospholipase A2

PLXDC Plexin domain containing

PNPL2 Patatin-Like Phospholipase Domain Containing 2

PNPLA2 Patatin-like phospholipase domain-containing protein 2

PPARs Peroxisome proliferators-activated receptors

PPAR-g Proliferator-activated receptor-g

PVR Proliferative vitreoretinopathy

RAO Retinal artery occlusion

RCL Reactive center loop

RGCs Retinal ganglion cells

RNV Retinal neovascularization

(Continued)
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Continued

ROP Retinopathy of prematurity

RPE Retinal pigment epithelial

RPSA Ribosomal Protein SA

RSPO R-sponge protein

RVO Retinal vein occlusion

RXR Retinoid X receptor

SERPINF1 Serpin family F member 1

SERPINS Serine protease inhibitor superfamily

SNP Single nucleotide polymorphism

STHAG7 Selective Tooth Agenesis 7

TAG Triacylglycerols

TEM3 Tumor Endothelial Marker 3

TEM7 Tumor Endothelial Marker 7

TEM7R Tumor Endothelial Marker 7-Related Protein

TGs Triglycerides

TNF-a Tumor necrosis factor-a

UBXD8 Ubiquitin regulatory X domain-containing protein 8

VEGF Vascular endothelial growth factor

VEGFA Vascular Endothelial Growth Factor 1

VEGFR2 Vascular endothelial growth factor receptor 2

WAT White adipose tissue

b-TrCP b-transducin repeat-containing protein
F
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Early changes to retinal structure
in patients with diabetic
retinopathy as determined by
ultrawide swept-source optical
coherence tomography-
angiography

Yong Zeng1,2†, Miao Liu1,2†, Mengyu Li1,2, Dinyang Wei1,2,
Mingzhu Mao1,2, Xinyue Liu1,2, Sizhu Chen1,2, Yang Liu3,
Bo Chen1,2, Lei Yang4, Sanmei Liu1,2, Lifeng Qiao1,2,
Ruifan Zhang1,2, Jie Li1,2*, Wentao Dong1,2* and Jie Zhong1,2*

1Department of Ophthalmology, Sichuan Provincial People’s Hospital, University of Electronic Science
and Technology of China, Chengdu, China, 2Department of Ophthalmology, Chinese Academy of
Sciences Sichuan Translational Medicine Research Hospital, Chengdu, China, 3Jinniu Maternity and
Child Health Hospital of Chengdu, Department of Child Healthcare, Chengdu, China, 4Department of
Pulmonary and Critical Care Medicine, Enyang District People’s Hospital of Bazhong, Bazhong,
Sichuan, China
Purpose: To investigate retinal vascular changes in patients with diabetic

retinopathy (DR) using the newly developed ultrawide rapid scanning swept-

source optical coherence tomography angiography (SS-OCTA) device.

Methods: This cross-sectional, observational study enrolled 24 patients (47 eyes)

with DR, 45 patients (87 eyes) with diabetes mellitus (DM) without DR, and 36

control subjects (71 eyes). All subjects underwent 24 × 20 mm SS-OCTA

examination. Vascular density (VD) and the thickness of the central macula

(CM; 1 mm diameter) and temporal fan-shaped areas of 1–3 mm (T3), 3–6 mm

(T6), 6–11 mm (T11), 11–16 mm (T16), and 16–21 mm (T21) were compared

among groups. The VD and the thicknesses of the superficial vascular complex

(SVC) and deep vascular complex (DVC) were analyzed separately. The predictive

values of VD and thickness changes in DM and DR patients were evaluated by

receiver operating characteristic (ROC) curve analysis.

Results: The average VDs of the SVC in the CM and the T3, T6, T11, T16, and T21

areas were significantly lower in the DR than in the control group, whereas only

the average VD of the SVC in the T21 area was significantly lower in the DM

group. The average VD of the DVC in the CMwas significantly increased in the DR

group, whereas the average VDs of the DVC in the CM and T21 area were

significantly decreased in the DM group. Evaluation of the DR group showed

significant increases in the thicknesses of SVC-nourishing segments in the CM

and T3, T6, and T11 areas and significant increases in the thicknesses of DVC-

nourishing segments in the CM and T3 and T6 areas. In contrast, none of these

parameters showed significant changes in the DM group. ROC curve analysis

showed that the average VD of the SVC in the CM, T3, and T21 had better ability
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to predict DR, with areas under the ROC curves (AUCs) of 0.8608, 0.8505, and

0.8353, respectively. The average VD of the DVC in the CM was also predictive of

DR, with an AUC of 0.8407.

Conclusions: The newly developed ultrawide SS-OCTA device was better able to

reveal early peripheral retinal vascular changes than traditional devices.
KEYWORDS

vascular density (VD), thickness, diabetes mellitus, diabetic retinopathy, SS-OCTA,
peripheral retina
1 Introduction

Diabetes mellitus (DM) is a common and frequently occurring

disease worldwide that was estimated to affect 536.6 million adults

aged 20-79 years in 2021 (1). Diabetic retinopathy (DR) is a

frequent ocular complication of DM, characterized by

neurovascular injury and vision impairment (2). Early screening

and therapies for DR are now considered effective for preventing

blindness or vision loss (3). Although patients have been screened

for DR using dilated and seven-field fundus photography

techniques (4, 5), these methods cannot analyze blood flow or

deep retinal changes. Microaneurysms, venous beading, vascular

leakage, and nonperfused areas can be visualized by fundus

fluorescein angiography, but this method is invasive, time-

consuming, and not quantitative, and is associated with a risk of

allergy (6, 7). Optical coherence tomography (OCT) is a type of

ocular fundus examination that can obtain information on retinal

layers via tomography scans. This method is widely used in the

diagnosis and follow-up of patients with diabetic macular edema

and other macular diseases (8–10), although it cannot determine

blood flow.

OCT angiography (OCTA) is a rapid, noninvasive, and high-

resolution ocular fundus examination that can simultaneously

perform tomography scans and obtain blood flow information

(11, 12). The high resolution of OCTA can determine the

occurrence of preclinical retinopathy, by, for example, identifying

changes in the foveal avascular zone, as well as alterations in vessel

density and retinal thickness (11, 13). Although imaging by OCTA

was previously limited to a 3 × 3 mm or 6 × 6 mm area in the center
02172
of the macula, this method can acquire high-resolution tomography

and angiography images of 12 × 12 mm and even 24 × 20 mm areas

of the retina and choroid using a single capture (Figure 1) (14, 15).

These types of wide-field OCTA can provide considerable

information on the retina and choroid, broadening knowledge of

DR and other ocular fundus diseases.

The TowardPi swept-source (SS) OCT and OCTA system

(BMizar, TowardPi Medical Technology, Beijing, China) is a

newly developed high-resolution and wide-field tomographic and

angiography imaging system with an A-scan rate as high as 400

KHz and an axial scan depth of 6 mm. This system can acquire 24-

mm-wide tomography and 24 × 20 mm angiography information in

about 15 seconds in a single capture (16). The present study utilized

this system to analyze baseline parameters in patients with DR,

patients with DM without DR, and normal controls, including

vascular density and thickness of various areas of the superficial and

deep layers of the retina. Use of this system may help determine

changes in the peripheral retina of patients with DR, suggesting its

usefulness in early screening for this condition.
2 Materials and methods

2.1 Participants

This cross-sectional, observational study enrolled 24 patients

(47 eyes) with DR, 45 patients (87 eyes) with DM without DR, and

36 control subjects (71 eyes) who visited the Department of

Ophthalmology at Sichuan Provincial People’s Hospital in
FIGURE 1

Fields detected by optical coherence tomography angiography (OCTA). (A) 3 × 3 mm, (B) 6 × 6 mm, (C) 12 × 12 mm, and (D) 24 × 20 mm.
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Chengdu, Sichuan, China between January and July 2022. The study

was conducted in accordance with the Declaration of Helsinki and

was approved by the Ethics Committee of Sichuan Provincial

People’s Hospital (permit number 2022–258). All participants

provided written informed consent prior to enrollment.
2.2 Inclusion and exclusion criteria

DR was diagnosed according to the criteria Early Treatment

Diabetic Retinopathy Study. DM was diagnosed according to the

criteria set by the World Health Organization (WHO) (17). Patients

were included if they (1) were aged >18 years, (2) had been

definitively diagnosed with type 2 DM, (3) did not have an

unknown cause of vision loss, and (4) had an OCTA image

quality index >8. Patients were excluded if they had (1) severe

opacity of the cornea, lens, or vitreous; (2) glaucoma, high myopia,

or other ocular diseases that might influence blood flow in the

retina; (3) a history of nondiabetic chorioretinopathy or ocular

fundus surgery or photocoagulation; or (4) insufficient medical data

(e.g., DM history, current treatment protocol, or glycemic control).

The participants were then divided into the DR, DM, and normal

control (NC) groups based on their diagnosis.
2.3 Demographic data and
ophthalmic examinations

Demographic and clinical characteristics of all subjects were

recorded, including their age, gender, height, weight, past medical

history, duration of diabetes, type of diabetes, and treatment. All

subjects underwent ophthalmic examinations, including optometry,

and measurements of intraocular pressure (IOP) and axial eye

length (AL). Other factors recorded included best corrected visual

acuity (BCVA) and refractive error. Anterior segments were

examined by slit-lamp biomicroscopy. Following full dilation of

the pupil, all eyes underwent fundus examination through indirect

ophthalmoscopy and photography (Daytona, Optos, United

Kingdom). DR and other types of chorioretinopathy were

diagnosed by two experienced licensed doctors based on the

results of fundus examinations and assessments of all retinas

images. Glycosylated hemoglobin A1c (HbA1c) and fasting blood

glucose (FBG) concentrations were measured in all patients

diagnosed with DR and DM.
2.4 OCT and OCTA data

All subjects underwent SS-OCT and SS-OCTA (TowardPi

BMizar, TowardPi Medical Technology, Beijing, China)

examinations while their pupils were still dilated. This newly

developed SS-OCT/SS-OCTA system has an A-scan rate of 400

KHz, an axial scan depth of 6 mm, a B-scan length of 24 mm, and

OCTA area of 24 × 20 mm. This system has an axial optical

resolution of 3.8-µm and a transverse resolution of 10-µm, enabling

the capture of high-resolution fundus images. The ability of this
Frontiers in Endocrinology 03173
system to acquire OCT images 24-mm in width and 6-mm in depth,

as well as ultrawide OCTA images of 24 × 20 mm, enabled the

determination of information on chorioretinal vascular density

(VD) and thickness at 24 × 20 mm in a single capture. Images

were subsequently graded 1–10 by the SS-OCTA platform, with

only images graded ≥8 utilized in the present study.

All the primary data were acquired and exported by the built-in

software of the SS-OCT and SS-OCTA platform. The built-in Early

Treatment Diabetic Retinopathy Study rings of the platform were

applied to compare the different areas of the retina. The VD and

thickness of the central macula (CM) (1 mm diameter) and of the

temporal fan-shaped areas at 1–3 mm (T3), 3–6 mm (T6), 6–11 mm

(T11), 11–16 mm (T16), and 16–21 mm (T21) (Figure 2) were

compared in the DR, DM, and NC groups, as were the deep vascular

complex (DVC), superficial vascular complex (SVC), and average

thicknesses of the SVC and DVC nourishing segments. A flow

diagram of the experimental design is shown in Figure 3.
2.5 Statistical analysis

All statistical analyses were performed using IBM SPSS software

(version 26.0). The normal distribution of data was assessed using

the Kolmogorov–Smirnov test. Data are presented as the mean ±

standard deviation. Differences in age, right or left eye, AL, and

other characteristics were analyzed by independent sample t-tests or

analysis of variance (ANOVA). Differences in gender were

evaluated by crosstabs analysis. Pairwise correlations among VD,

thickness, and DR were analyzed by receiver operating

characteristic (ROC) curve analysis. Areas under the ROC curve

(AUC) >0.8 were considered significant. A p-value < 0.05 was

regarded as statistically significant.
FIGURE 2

Vascular density and thickness of the central macula (CM) (1 mm
diameter) and temporal fan-shaped areas of 1–3 mm (T3), 3–6 mm
(T6), 6–11 mm (T11), 11–16 mm (T16), and 16–21 mm (T21).
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3 Results

3.1 Baseline data

This study enrolled 47 eyes from 24 patients with, 87 eyes from

45 patients with DM without DR, and 71 eyes of 36 age- and

gender-matched control subjects. The baseline demographic and

clinical characteristics of these three groups are shown in Table 1.
Frontiers in Endocrinology 04174
The three groups showed no significant differences in numbers of

subjects (p = 0.181), age (p = 0.083), FBG (0.059), AL (p = 0.087),

and Hypertension (p = 0.859).
3.2 VD and thickness analysis of the SVC
and DVC

The average VDs of the SVC in the CM, T3, T6, T11, T16, and

T21 areas were significantly lower in the DR than in the NC and DM

groups, whereas only the average VD of SVC in the T21 area was

significantly lower in the DM than in the NC group (Figure 4A). The

average VDs of the DVC in the CM and T21 area were significantly

lower in the DM than in the NC group (Figure 4B). Compared with

the DM group, the average VDs of the DVC in the CM and T3, T6,

T11, T16, and T21 areas were higher in the DR group, but only the

CM difference was statistically significant (Figure 4B). The average

thicknesses of SVC nourishing segments in the CM and in the T3,

T6, and T11 areas were significantly higher in the DR than in the

DM group, whereas the average thicknesses of SVC nourishing

segments in the T16 and T21 areas did not differ significantly in

the three groups (Figure 4C). The average thicknesses of DVC

nourishing segments in the CM and the T3, and T6 areas were

significantly higher in the DR than in the DM group, whereas the

average thicknesses of DVC nourishing segments in the T11, T16

and T21 areas did not differ significantly in the three groups

(Figure 4D). The average thicknesses of SVC and DVC nourishing

segments did not differ significantly in the DM and NC groups

(Figures 4C, D). All of these findings are summarized in Table 2.
3.3 ROC curves of VD in the DM and
DR groups

ROC curve analysis of the average VDs of the SVC showed that

the AUCs were 0.8608 (95% CI 0.7982–0.9235, p < 0.0001) for the

CM, 0.8506 (95% CI 0.7852–0.9159, p < 0.0001) for the T3 area, and

0.8353 (95% CI 0.7641–0.9065, p < 0.0001) for the T21 area,
FIGURE 3

Flow diagram of the experimental design. DM, diabetes mellitus;
ETDRS, Early Treatment Diabetic Retinopathy study; NC, normal
control; DR, diabetic retinopathy; SS-OCTA, swept-source optic
coherence tomography angiography; SVC, superficial vascular
complex; DVC, deep vascular complex; VD, vascular density.
TABLE 1 Baseline demographic and clinical characteristics of DR patients, DM patients and healthy controls.

Normal Control DM DR P Values

Patients (Female) 36 (23) 45 (20) 24 (8) 0.181

Age, yr 54.00 ± 9.83 58.20 ± 10.22 53.88 ± 7.96 0.083

Eyes 71 87 47 0.999

Type of DM N/A 2 2 N/A

Duration of DM, yr N/A 7.02 ± 6.17 11.38 ± 7.10 0.010

FBG, mmol/L N/A 7.82 ± 2.36 9.24 ± 3.45 0.059

HbA1c, % N/A 7.42 ± 1.48 9.12 ± 2.09 0.000

AL, mm 23.33 ± 0.69 23.60 ± 0.85 23.51 ± 0.79 0.087

Hypertension 36 (10) 45 (14) 24 (6) 0.859
fro
Values are shown as means ± SD. A P value less than 0.05 was considered statistically significant.
DM, diabetes mellitus; DR, diabetic retinopathy; FBG, fasting blood-glucose; HbA1c, hemoglobin A1C; AL, axial lengths; N/A, not applicable.
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showing that these parameters were predictive of DR development

(Figure 5B). The optimal CM cut-off value predicting DR was 15.50,

with a sensitivity of 85.11%, a specificity of 80.46%, and a Youden

Index of 0.66. The optimal T3 cut-off value predicting DR was

29.50, with a sensitivity of 85.11%, a specificity of 73.56%, and a

Youden Index of 0.59. The optimal T21 cut-off value predicting DR

was 28.50, with a sensitivity of 76.60%, a specificity of 82.76%, and a

Youden Index of 0.59. In the DVC, only the average VD in the CM

was predictive of DR (Figure 5D), with an AUC of 0.8407 (95% CI

0.7735–0.9078, p < 0.0001). The optimal CM cut-off value

predicting DR was 17.50, with a sensitivity of 80.85%, a specificity

of 81.61%, and a Youden Index was 0.62. The average VDs of the

SVC and DVC were not predictive of DM (Figures 5A, C), and the

average thicknesses of the SVC and DVC were not predictive of

either DM or DR (Supplementary Figure 1).
4 Discussion

This cross-sectional, observational study analyzed the average

VD of the SVC and DVC and the average thicknesses of SVC and
Frontiers in Endocrinology 05175
DVC nourishing segments in patients among the NC, DM, and DR

groups. Using the newly developed SS-OCT and SS-OCTA system,

this study analyzed changes to the peripheral retina (21 mm) in the

three groups. The average VDs of the SVC in all observed areas were

significantly lower in the DR than in the NC group, whereas only

the T21 area showed a significant decrease in the DM compared

with the NC group. The average VDs of the DVC in the CM and

T21 area were significantly lower in the DM than in the NC group.

No significant changes in the thicknesses of SVC or DVC

nourishing segments were observed in the peripheral retina (21

mm). ROC curve analysis showed that the average VDs of the SVC

in the CM and in the T3 and T21 areas revealed were predictive of

DR development, whereas only the average VD of the DVC in the

CM was predictive of DR.

Recent developments in ultrawide OCT and OCTA equipment

has resulted in the ability to image areas measuring 24 × 20 mm, the

maximum range currently available among all OCTA devices (18,

19). Use of this advanced equipment has shown that the density of

the choroidal vessels and the thicknesses of the inner retina

segments at the periphery were significantly lower in

nonpathological myopic fundi (16). This equipment was also
B

C D

A

FIGURE 4

Vascular density (VD) and thickness analysis of the superficial vascular complex (SVC) and deep vascular complex (DVC). (A) Compared with the
normal control (NC) group, the average VDs of the SVC were significantly lower in all retinal areas of patients with diabetic retinopathy (DR), as well
as being significantly lower in the temporal fan-shaped area of 16–21 mm (T21) in patients with diabetes mellitus (DM). (B) The average VDs of the
DVC in the central macula (CM) and T21 were lower in DM patients; although the average VDs of the DVC in all areas were higher in DR patients,
only the changes in the CM were statistically significant. (C) The average thicknesses of SVC nourishing segments did not differ significantly in the
NC and DM groups. The average thicknesses of these segments in the CM and temporal fan-shaped areas of 1–3 mm (T3), 3–6 mm (T6), and 6–11
mm (T11) were significantly greater in the DR than in the DM group. (D) The average thicknesses of DVC nourishing segments did not differ
significantly in the NC and DM groups. The average thicknesses of these segments in the CM, T3, and T6 were significantly greater in the DR than in
the DM group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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found to clearly delineate choroidal osteomas from the adjacent

vessels in the choroidal Sattler’s and Haller’s layers (16), providing

further evidence that the newly developed OCT and OCTA system

can simultaneously acquire ultrawide and high-resolution images of

the fundus. At present, 3 × 3 mm and 6 × 6 mm OCT and OCTA

devices are widely used in clinical practice, with the use of 12 × 12

mm devices increasing, providing additional information about the

peripheral retina. Using these 12 × 12 mmOCT and OCTA devices,

retinal microvascular abnormalities have been observed in the

peripheral retinas of DM patients without DR (15), with the 24 ×

20 mm devices providing additional information on the

peripheral retina.

Fundus fluorescein angiography (FFA) is a traditional imaging

technique for DR, as it can show retinal neovascular and vascular

leakage. This method, however, is invasive and expensive, carries a

risk of allergy, and can negatively affect the liver and kidneys, thus
Frontiers in Endocrinology 06176
limiting its widespread use (20, 21). SS-OCTA may be a good

alternative, as it can avoid these problems. Although a comparison

of 24×20 mm2 SS-OCTA with FFA in evaluating DR lesions showed

good to moderate agreement, SS-OCTA had several advantages,

including its noninvasiveness, lower cost, rapid performance, and

reproducible results (22). A recent study analyzing the effect of scan

area on the detection of DR lesions, by comparing 12 mm × 12 mm

central and 24 mm × 20 mm images, found that the ultra-widefield

SS-OCTA detected more intra-retinal microvascular and

neovascular abnormalities, with higher rates of ischemia in the

mid-peripheral than in the posterior retina (23). Another study

found that ultra-widefield color fundus photography (UWF CFP)

plus SS-OCTA and UWF CFP plus FFA showed good agreement in

the rate of detection of DR lesions and DR severity grade (24).

Taken together, these findings suggested that ultra-wide SS-OCTA

has advantages when compared with FFA or 12 mm × 12 mm
TABLE 2 Comparisons of superficial and deep complex vessel densities and thickness among the NC, DM, and DR groups data.

NC DM DR p1 (NC vs DM) p2 (NC vs DR) p3 (DM vs DR)

Superficial Vascular Complex Vessel
Densities

CM 18.90 ± 5.92 19.33 ± 6.66 9.40 ± 5.89 0.8907 <0.0001 <0.0001

T3 31.31 ± 4.20 32.13 ± 6.12 22.85 ± 6.70 0.6578 <0.0001 <0.0001

T6 37.54 ± 3.82 37.97 ± 4.80 31.83 ± 6.58 0.8895 <0.0001 <0.0001

T11 41.25 ± 5.49 41.25 ± 6.17 36.15 ± 8.97 0.9999 <0.0001 <0.0001

T16 40.34 ± 5.01 38.30 ± 5.55 31.60 ± 7.42 0.0739 <0.0001 <0.0001

T21 36.41 ± 4.62 33.45 ± 5.59 25.02 ± 6.61 0.0046 <0.0001 <0.0001

Deep Vascular Complex Vessel Densities

CM 17.27 ± 8.52 12.43 ± 7.74 22.43 ± 6.18 <0.0001 0.0005 <0.0001

T3 27.49 ± 7.74 28.13 ± 9.46 29.96 ± 5.09 0.8495 0.17 0.3449

T6 26.89 ± 8.24 27.72 ± 8.97 29.66 ± 5.26 0.7556 0.1067 0.3021

T11 27.86 ± 6.93 27.22 ± 6.34 30.00 ± 4.27 0.8445 0.2619 0.0869

T16 28.55 ± 6.94 26.85 ± 7.09 28.83 ± 4.27 0.3102 0.9771 0.2897

T21 28.94 ± 7.17 25.42 ± 8.02 28.11 ± 4.37 0.007 0.8139 0.1028

Superficial Vessel Complex Thicknesses

CM 67.11 ± 11.52 68.9 ± 11.78 82.19 ± 26.38 0.4619 <0.0001 <0.0001

T3
125.76 ±
11.09

128.1 ± 9.33
134.74 ±
13.77

0.2647 <0.0001 0.0003

T6
106.54 ± 8.34

106.86 ±
8.11

114.38 ±
10.53

0.9743 <0.0001 <0.0001

T11 80.55 ± 4.43 79.37 ± 5.41 84.28 ± 6.01 0.7121 0.0888 0.0112

T16 70.92 ± 3.52 70.06 ± 4.91 71.34 ± 3.84 0.836 0.9687 0.7316

T21 64.23 ± 3.32 62.57 ± 5.71 63.34 ± 4.19 0.516 0.8712 0.8946

Deep Vessel Complex Thicknesses

CM 55.9 ± 10.12 58 ± 10.68 64.34 ± 11.85 0.2138 <0.0001 <0.0001

T3
80.28 ± 10.82

78.85 ±
10.85

85.96 ± 13.19 0.4868 0.0003 <0.0001

T6 66.54 ± 5.94 64.34 ± 5.39 72.32 ± 11.57 0.1865 0.0003 <0.0001

T11 54.93 ± 4.04 52.68 ± 5.29 55.55 ± 5.97 0.1697 0.9056 0.1051

T16 52.1 ± 3.74 49.64 ± 4.53 50.85 ± 4.86 0.1218 0.6728 0.6699

T21 48.83 ± 3.45 46.6 ± 5.16 46.3 ± 4.76 0.1746 0.1969 0.9756
All results are shown as means ± SD.
NC, normal control; DM, diabetes mellitus; DR, diabetic retinopathy.
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OCTA, with the potential to be a rapid, repeatable and noninvasive

method for DR screening and follow-up.

Studies using 3 × 3 mm OCT and OCTA devices have found no

significant differences in the VD and thickness of the superficial and

deep retinal layers between DM and NC groups (25–27), findings

partially consistent with the results of the present study. In contrast,

other studies have found that the VD and thickness in the

parafoveal and/or perifoveal layers are significantly lower in

patients with DM than in NCs (28–30). These studies differ from

the present study in their inclusion and exclusion criteria. Most

previous studies defined DM without DR based on fundus

photography, whereas the present study excluded DR based on

both 24 × 20 mmOCTA and fundus photography. Microaneurysms

and fovea avascular zone changes can be detected by OCTA in DM

patients through normal fundus photography (28, 31). These

subjects were excluded from the present study based on the

results of high-resolution and ultrawide field OCTA.

The present study showed early VD changes of the SVC and

DVC in the peripheral retina (21 mm) in patients with DM, as well

as in patients with DR. ROC curve analysis found that the VD of the

SVC in T21 showed good ability to predict DR. Moreover, the VD

of the SVC in T21 was the only significant change in the SVC in

patients with DM. These results indicate that the VD of T21 is an

early indicator of DR progression and may be a biomarker

predictive of DR. The VD of the SVC in all areas was

significantly lower in patients with DR, a finding consistent with

previous results (15, 29, 32). The newly developed OCTA device
Frontiers in Endocrinology 07177
expanded the detectable area to T16 and T21, thereby consolidating

previous results. The findings in patients with DM also suggested

that retinal circulation was affected before clinical manifestations of

DR (28, 33). The decreased VD in the SVC in DR results largely

from an incremental loss of capillary segments (34), whereas the

increased VD in the DVC is regarded as an autoregulatory response

to increased metabolic demand in mild to moderate DR. The

present study found that SVC nourishing segments in the CM,

T3, T6, and T11 and DVC nourishing segments in the CM, T3, and

T6 were thicker in patients with DR, a finding consistent with a

previous study using another type of OCTA device (35).

The present study had several limitations. First, demographic

information, DM duration, and other previous medical history was

self-reported by the study subjects. Collecting more data can help

avoid potential bias in relation to the duration of diabetes and blood

glucose control. Studies using a larger number of patients, as well as

measurements of blood pressure, lipids, and other laboratory data,

are required to confirm the present findings. Studies should also

include patients with progressive DR, thus allowing longitudinal

determinations of changes in retinal structure during the

progression of DR.

In conclusion, the present study showed that the progression of DR

was accompanied by changes in the peripheral retina. The ultrawide

and rapid scanning SS-OCT and SS-OCTA system expanded the

detectable area to 24 × 20 mm. Prospective studies including larger

numbers of patients are needed to confirm these findings and expand

the use of the newly developed SS-OCT and SS-OCTA device.
B

C D

A

FIGURE 5

Receiver operating characteristic (ROC) curve analysis of vascular density (VD) in patients with diabetes mellitus (DM) and diabetic retinopathy (DR).
(A, C) The average VDs of the (A) superficial vascular complex (SVC) and (C) deep vascular complex (DVC) showed poor ability to predict DM. (B) The
average VDs of the SVC in the central macula (CM) and temporal fan-shaped areas of 1–3 mm (T3) and 16–21 mm (T21) revealed better ability to
predict DR. (D) The average VD of the DVC in the CM revealed ability to predict DR.
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Diabetic retinopathy (DR) is a disease that causes visual deficiency owing to

vascular leakage or abnormal angiogenesis. Pericyte apoptosis is considered one

of the main causes of vascular leakage in diabetic retina, but there are few known

therapeutic agents that prevent it. Ulmus davidiana is a safe natural product that

has been used in traditional medicine and is attracting attention as a potential

treatment for various diseases, but its effect on pericyte loss or vascular leakage

in DR is not known at all. In the present study, we investigated on the effects of

60% edible ethanolic extract of U. davidiana (U60E) and catechin 7-O-b-D-
apiofuranoside (C7A), a compound of U. davidiana, on pericyte survival and

endothelial permeability. U60E and C7A prevented pericyte apoptosis by

inhibiting the activation of p38 and JNK induced by increased glucose and

tumor necrosis factor alpha (TNF-a) levels in diabetic retina. Moreover, U60E and

C7A reduced endothelial permeability by preventing pericyte apoptosis in co-

cultures of pericytes and endothelial cells. These results suggest that U60E and

C7A could be a potential therapeutic agent for reducing vascular leakage by

preventing pericyte apoptosis in DR.
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1 Introduction

Diabetic retinopathy (DR) is a disease that causes visual

impairment in middle-aged people and is the most common

microvascular complication in patients with diabetes (1–3). One

of the main causes of DR is an increase in endothelial permeability

in the retina, resulting in macular edema, which causes serious

visual impairment (2, 4). Pericyte loss is closely related to increased

endothelial permeability in DR.

Pericytes surround endothelial cells and play an important role in

maintaining the integrity of blood vessels (5, 6). In particular, pericytes

interact with endothelial cells to increase the expression of tight

junction proteins in endothelial cells, thereby preventing increase in

endothelial permeability (7–10). Pericyte loss occurs in the early stages

of DR (11–13), therefore, inhibiting pericyte loss may prevent increased

endothelial permeability, thereby avoiding serious visual damage such

as macular edema. Recently, we confirmed that tumor necrosis factor

alpha (TNF-a), which is an important protein that induces pericyte

loss via apoptosis, is elevated in diabetic retina (8, 14). Additionally,

previous studies reveal that high glucose increases apoptosis in retinal

pericytes (15); however, few treatments are known to prevent pericyte

apoptosis induced by high glucose or TNF-a levels.

Ulmus davidiana is a deciduous broad-leaf tree, widely distributed

in the east and is a safe natural product used in traditional medicine.U.

davidiana is known to exhibit pharmacological properties such as

antioxidant, anti-inflammatory, anticancer effects (16–18), and its stem

or root has long been used for the treatment of various diseases such as

edema, mastitis, cancer, inflammation, and rheumatoid arthritis (19–

21). Interestingly, U. davidiana was known to play a role in preventing

apoptosis in various cells such as mouse embryonic fibroblast cells,

mouse embryonic liver cells, and rat pheochromocytoma cells [10-12].

However, it is not known how U. davidiana extract and compound

isolated therefrom affect pericyte apoptosis and endothelial

permeability; hence, this was investigated in the present study.

In this study, using a 60% edible ethanolic extract of U. davidiana

(U60E) and the compound catechin 7-O-b-D-apiofuranoside (C7A)
known as the main bioactive component of U. davidiana extract (22,

23), the effects and related mechanisms of U. davidiana on the

increase in pericyte apoptosis and endothelial permeability induced

by high glucose and TNF-a were investigated. We demonstrated that

U60E and C7A prevent pericyte apoptosis by blocking the activities of

p38 and JNK, which are increased by high glucose and TNF-a levels.

Additionally, U60E and C7A restored the decreased ZO-1 expression

and increased permeability in endothelial cells caused by pericyte

apoptosis induced by high glucose and TNF-a when pericytes and

endothelial cells were co-cultured. Taken together, these results

suggest a potential therapeutic benefit of U60E and C7A in

preventing pericyte apoptosis in DR.
2 Materials and methods

2.1 Cell cultures

Human placental pericytes (PromoCell, Heidelberg, Germany)

and human retinal microvascular endothelial cells (HRMECs;
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ACBRI, Kirkland, WA, USA) were maintained in pericytes

medium including growth factors (PromoCell) and M199

medium (HyClone, Logan, UT, USA) with 20% fetal bovine

serum (FBS), respectively. In an incubator with a humidified

environment containing 5% CO2, the cells were cultured at 37°C.
2.2 Reagents and antibodies

R&D Systems (Minneapolis, MA, USA) provided the

recombinant human TNF-a, whereas Millipore (St. Louis, MO,

USA) provided the p38 and JNK activator anisomycin, p38

inhibitor SB203580, JNK inhibitor SP600125, glucose, and

mannitol, respectively. Cell Signaling Technology (Danvers, MA,

USA) provided the primary anti-phospho-p38, anti-p38, anti-

phospho-JNK, anti-JNK, anti-phospho-Erk1/2, anti-Erk1/2, and

anti-cleaved caspase-3 antibodies. Thermo Fisher Scientific

(Waltham, MA) provided the anti-ZO-1 and anti-occludin

antibodies. Santa Cruz Biotechnology (Dallas, TX, USA) provided

the anti-b-tubulin and peroxidase-conjugated secondary antibodies.
ChemFaces (Wuhan, Hubei, China) provided the C7A.
2.3 Preparation of U60E extracts

U. davidiana (branches with barks) was officially collected in

June 2020 in Dolsan-eup, Yeosu-si, Jeollanam-do, Republic of

Korea. A voucher specimen (UDB2020-06) was placed in the

herbarium of the Kangwon National University College of Forest

& Environmental Sciences. U. davidiana was used as experimental

materials by removing impurities, washing, and shading. Once,

10 kg of U. davidiana were extracted at room temperature using

60% edible ethanol. After that, the extract was concentrated by

eliminating 60% edible ethanol while under vacuum, producing

570 g (U60E) (Supplementary Figure 1). Dimethyl sulfoxide

(DMSO) was used to dissolved the dried 60% edible ethanol

extract before it was diluted in a cell culture medium.
2.4 Cell viability assay

The 3-(4,5-di methylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) labeling kit (Millipore Sigma) was used to assess

the cell viability. Briefly, U60E and/or TNF-a were applied to 5 ×

103 cells planted into 96-well plates for 72 h. After 3 h, the cells were

treated with MTT reagent (5 mg/mL), and the formazan product

produced was assessed by measuring the intensity of the absorbance

at 570 nm.
2.5 FACS analysis

5 × 105 cells were exposed to the indicated reagents for 72 h in

order to identify apoptosis. The cells were harvested and given two

PBS washes. After that, the cells were labelled with FITC Annexin V

and PI (BD Biosciences, Franklin Lakes, NJ, USA) for 15 min, and
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staining was measured by flow cytometry on a FACSCalibur (BD

Biosciences, Franklin Lakes, NJ, USA). Data were examined using

the FlowJo program. Cells that were positive for Annexin V were

considered to be apoptotic.
2.6 Western blot analysis

A solution comprising 20 mM Tris (pH 7.5), 150 mM sodium

chloride (NaCl), 1% Triton X-100, and a cocktail of protease

inhibitors was used to lyse the cells. Proteins from cell lysates

were put into ni troce l lu lose membranes af ter being

electrophoretically separated on 7–10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis gels. The blots were incubated

with the indicated primary antibodies (1:1000) at 4°C overnight,

and then probed with secondary antibodies (1:5000) at room

temperature for 1 h. The blots were subsequently exposed to a

film after being treated with an enhanced chemiluminescence

substrate (Thermo Fisher Scientific).
2.7 Bromodeoxyuridine enzyme-linked
immunosorbent assay for cell
proliferation estimation

The manufacturer’s instructions were followed while measuring

cell proliferation with the Cell Proliferation BrdU ELISA kit (Roche

Diagnostics, Indianapolis, IN, USA). Cells treated with the indicated

reagents for 72 h were labelled with 10 mM BrdU for 1 h and then

incubated with an anti-BrdU peroxidase-conjugated antibody for

90 min. After washing, the substrate reaction, which was gauged

using an ELISA plate reader at 450 nm, was used to identify the

bound peroxidase.
2.8 Endothelial permeability assay

By measuring the flux of Evans blue (MilliporeSigma)-labeled

bovine serum albumin (BSA; MilliporeSigma) through the cell

monolayers using a Transwell plate, endothelial permeability was

determined (8). Briefly, HRMECs or pericytes were plated on the

top or bottom sides of the Transwell filter (Costar, Washington, DC,

USA) and cultured in normal or high glucose conditions with U60E

and/or TNF-a for an additional 72 h on each side. Evans blue dye

was used in the culture medium to measure endothelial

permeability. The optical properties of the medium in the bottom

chamber were assessed spectrophotometrically at 650 nm (Tecan

Infinite M200PRO).
2.9 Statistics analysis

A standard two-tailed Student’s t-test was used to conduct

statistical analyses, and statistical significance was set at p < 0.05.

Mean ± standard deviation (SD) was used to present quantitative

data and figures.
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3 Results

3.1 U60E and C7A prevent decrease in cell
viability in the pericytes

The effect of U60E on the viability of pericytes and endothelial

cells was investigated using an MTT assay. Treatment with U60E

alone did not affect the viability of pericytes and HRMECs at any of

the indicated concentrations (Figures 1A, B). However, when exposed

to high levels of glucose or TNF-a, U60E prevented the decrease in

cell viability among pericytes, but not in HRMECs (Figures 1C–F).

Next, we tried to find out which compound in U60E plays this role. In

a previous study, we confirmed that C7A (Supplementary Figure 2) is

an important bioactive compound related to cell survival isolated

from U. davidiana extract, and U60E also contains abundant C7A

(24). Therefore, we hypothesized that C7A contained in U60E is an

important compound in preventing the decrease in cell viability of

pericytes. Like U60E, when exposed to high levels of glucose or TNF-

a, C7A prevented the decrease in cell viability among pericytes, but

not in HRMECs (Supplementary Figures 3A–D). These results

indicate that C7A contained in U60E prevents the decrease in

pericyte cell viability in DR.
3.2 U60E and C7A prevent pericyte apoptosis

Cell apoptosis and proliferation were measured using annexin-V/

PI flow cytometric analysis, western blot analysis, and BrdU

proliferation ELISA assays, to determine how U60E prevents the

decrease in pericyte cell viability in DR. Interestingly, U60E effectively

prevented pericyte apoptosis induced by high glucose and TNF-a
(Figures 2A, B), however, there was no effect on HRMEC apoptosis

(Figures 2C, D). U60E also effectively prevented increased level of

apoptosis-associated protein (cleaved caspase-3) by high glucose and

TNF-a in pericytes, but had no effect on HRMECs (Figure 2E). In

addition, U60E did not affect the proliferation of pericytes or

HRMECs exposed to high glucose and TNF-a (Figures 2F–I). C7A

also effectively prevented pericyte apoptosis induced by high glucose

and TNF-a (Supplementary Figure 4A), but had no effect on

HRMEC apoptosis (Supplementary Figure 4B). Additionally, C7A

effectively prevented high glucose- and TNF-a-induced increased

expression of cleaved caspase-3 in pericytes, but did not affect

HRMECs (Supplementary Figure 4C). C7A also did not affect the

proliferation of pericytes or HRMECs exposed to high glucose and

TNF-a (Supplementary Figures 4D, E). These results indicated that

C7A contained in U60E prevents pericyte apoptosis in DR.
3.3 U60E and C7A prevent pericyte
apoptosis by reducing the increase in p38
and JNK activity in the diabetic retina

The mechanism by which U60E and C7A prevent pericyte

apoptosis was determined. High glucose and TNF-a levels
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increased the phosphorylation of p38 and JNK, but not Erk1/2, in a

time-dependent manner in pericytes (Supplementary Figures 5A,

B). However, U60E played a role in reducing the phosphorylation of

p38 and JNK, which was increased by high glucose and TNF-a
levels (Figures 3A, B). To further evaluate the role of p38 and JNK in

pericyte apoptosis, we used the p38 inhibitor SB203580, JNK

inhibitor SP600125, and p38 and JNK activator anisomycin.

SB203580 completely blocked p38 phosphorylation, but not JNK,

while SP600125 completely blocked JNK phosphorylation, but not

p38 (Supplementary Figures 6A, B). However, both SB203580 and

SP600125 played a role in reducing pericyte apoptosis induced by

high glucose and TNF-a levels (Supplementary Figures 6C, D). In

addition, anisomycin completely prevented the inhibition of high

glucose- and TNF-a-induced phosphorylation of p38 and JNK and

apoptosis by U60E in pericytes (Figures 3C–F). Like U60E, C7A

also played a role in reducing the phosphorylation of p38 and JNK,

which was increased by high glucose and TNF-a levels

(Supplementary Figures 7A, B). In addition, anisomycin also

completely prevented the inhibition of high glucose- and TNF-a-
induced phosphorylation of p38 and JNK and apoptosis by C7A in

pericytes (Supplementary Figures 7A–D). These results indicated

that C7A contained in U60E inhibited apoptosis by blocking the

activation of p38 and JNK in the pericytes of DR.
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3.4 U60E and C7A prevent endothelial
permeability by blocking pericyte apoptosis

Since it was previously confirmed that pericyte survival prevents

endothelial permeability by increasing the tight junction protein

ZO-1, but not occludin (8), we hypothesized that U60E and C7A

would also prevent endothelial permeability by increasing the tight

junction protein ZO-1. When pericytes and HRMECs were co-

cultured on both sides of the Transwell membrane, the permeability

was lower than that of HRMECs cultured on both sides of the

Transwell (Figure 4A). In addition, when pericytes and HRMECs

were co-cultured, endothelial permeability was increased in both

high glucose and TNF-a, conditions that induce pericyte apoptosis
(Figure 4A). However, when only HRMECs were co-cultured on

both sides of the Transwell, endothelial permeability increased only

when treated with TNF-a and not high glucose (Figure 4A).

Similarly, when pericytes and HRMECs were co-cultured, the

expression level of ZO-1 protein in HRMECs on the top side of

the Transwell was higher than that in HRMECs cultured alone, but

there was no change in occludin protein levels (Figures 4B, C). In

addition, when pericytes and HRMECs were co-cultured, both high

glucose and TNF-a, decreased the expression level of ZO-1

(Figures 4B, C). However, when only HRMECs were co-cultured
B

C D

E F

A

FIGURE 1

Effect of U60E on cell viability of pericytes and human retinal microvascular endothelial cells (HRMECs). Pericytes (A) and HRMECs (B) were treated
with U60E for 72 h at indicated doses. The cell viability was determined by the MTT assay. The bar graph represents the means ± standard deviation
(SD) (n = 5). Pericytes (C) and HRMECs (D) were treated with U60E for 72 h at indicated doses under the conditions of high glucose (HG; 30 mM
glucose). Normal glucose (NG; 5 mM glucose) and high mannitol (HM; 5 mM glucose and 25 mM mannitol) were used as controls. The cell viability
was determined by the MTT assay. The bar graph represents the means ± SD (n = 5). *P < 0.05. Pericytes (E) and HRMECs (F) were treated with
U60E (20 mg/ml) for 72 h under the conditions of HG, with or without tumor necrosis factor a (TNF-a) (100 ng/ml). The cell viability was determined
by the MTT assay. The bar graph represents the means ± SD (n = 5). No significance (n.s.) indicates P > 0.05, *P < 0.05.
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on both sides of the Transwell, the expression level of ZO-1

decreased only when treated with TNF-a and not high glucose

(Figures 4B, C). Furthermore, when pericytes and HRMECs were

co-cultured as well as when only HRMECs were cultured, the

expression level of occludin was decreased only when treated with

TNF-a, not high glucose (Figures 4B, C). These results indicate that
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pericyte apoptosis induced by high glucose and TNF-a increases

endothelial permeability by reducing the expression of ZO-1 in

endothelial cells, and TNF-a not only induces pericyte apoptosis,

but also increases endothelial permeability by directly decreasing

the expression of ZO-1 and occludin in endothelial cells. On the

other hand, high glucose did not directly affect permeability or tight
B

C D

E
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A

FIGURE 2

Effect of U60E on survival and proliferation in pericytes and human retinal microvascular endothelial cells (HRMECs). (A-I) Pericytes and HRMECs
were treated with U60E (20 mg/ml) for 72 h under the conditions of high glucose (HG; 30 mM glucose), with or without tumor necrosis factor a
(TNF-a) (100 ng/ml). Normal glucose (NG; 5 mM glucose) and high mannitol (HM; 5 mM glucose and 25 mM mannitol) were used as controls. Cell
apoptosis of pericytes (A, B) and HRMECs (C, D) was determined by Annexin V/PI staining and flow cytometric analysis. The apoptotic cells were
expressed as a percentage of apoptotic cells in the total cell population. The bar graph represents the means ± standard deviation (SD) (n = 3). (E)
The cleaved caspase-3 expression was determined by western blot analysis. b-tubulin were used as controls. The right histogram showed
quantitative densitometric analysis. The bar graph represents the means ± standard deviation (SD) (n = 3). Cell proliferation of pericytes (F, G) and
HRMECs (H, I) was determined by 5’-bromodeoxy-2’-uridine (BrdU) proliferation ELISA. The bar graph represents the means ± SD (n = 5). No
significance (n.s.) indicates P > 0.05, *P < 0.05.
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junction protein levels in endothelial cells. Next, we investigated the

effect of U60E and C7A on endothelial permeability. U60E

prevented endothelial permeability only when pericytes and

HRMECs were co-cultured, not when only HRMECs were

cultured (Figure 4D). Similarly, U60E restored the ZO-1

expression level decreased by high glucose or TNF-a only when
Frontiers in Endocrinology 06185
pericytes and HRMECs were co-cultured (Figures 4E, F), but not

when only HRMECs were cultured (Figures 4G, H). In addition,

U60E did not affect occludin expression levels when co-cultured

with pericytes and HRMECs, or when only HRMECs were cultured

(Figures 4E–H). Like U60E, C7A also prevented endothelial

permeability only when pericytes and HRMECs were co-cultured,
B

C D

E F

A

FIGURE 3

Involvement of p38 and JNK signaling in U60E-induced pericyte survival. (A–D) Pericytes were treated with U60E (20 mg/mL), tumor necrosis factor
a (TNF-a) (100 ng/ml), and/or anisomycin (100 ng/ml) for 30 min under conditions exposed to normal glucose (NG; 5 mM glucose) or high glucose
(HG, 30 mM glucose) for 24 h. The phosphorylation of p38 (p-p38), JNK (p-JNK), and Erk1/2 (p-Erk1/2) was determined by western blot analysis.
p38, JNK, Erk1/2, and b-tubulin were used as controls. (A, B) The right histogram showed quantitative densitometric analysis. The bar graph
represents the means ± standard deviation (SD) (n = 3). (E, F) Pericytes were treated with U60E (20 mg/mL), TNF-a (100 ng/ml), and/or anisomycin
(100 ng/ml) for 72 h under NG or HG conditions. Cell apoptosis was determined by Annexin V/PI staining and flow cytometric analysis. The
apoptotic cells were expressed as a percentage of apoptotic cells in the total cell population. The bar graph represents the means ± SD (n = 3). No
significance (n.s.) indicates P > 0.05, *P < 0.05.
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not when only HRMECs were cultured (Supplementary Figure 8A).

C7A also restored the ZO-1 expression level decreased by high

glucose or TNF-a only when pericytes and HRMECs were co-

cultured (Supplementary Figures 8B, C), but not when only

HRMECs were cultured (Supplementary Figures 8D, E). In

addition, C7A also did not affect occludin expression levels when
Frontiers in Endocrinology 07186
co-cultured with pericytes and HRMECs, or when only HRMECs

were cultured (Supplementary Figures 8B–E). These results suggest

that C7A contained in U60E is not directly involved in permeability

of endothelial cells, but prevents pericyte apoptosis induced by high

glucose and TNF-a levels, thereby preventing an increase in

endothelial permeability.
B
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FIGURE 4

Effect of U60E on the in vitro permeability in co-cultures of pericytes and human retinal microvascular endothelial cells (HRMECs) and the tight
junction protein expression in HRMECs. (A) Pericytes and HRMECs incubated on the indicated side of the Transwells as depicted at right. Pericytes
and HRMECs were treated with tumor necrosis factor a (TNF-a) (100 ng/ml) under normal glucose (NG; 5 mM glucose) or high glucose (HG, 30 mM
glucose) for 72 h. The permeability was measured using Evans blue dye (n = 5). (B) The tight junction protein expression of ZO-1 and occludin was
measured from the top side HRMECs lysates obtained by (A). (C) Quantitative densitometric analysis in (B) to calculate the ratio of each protein to b-
tubulin. The bar graph represents the means ± standard deviation (SD) (n = 3). (D) Pericytes and HRMECs were incubated on the indicated side of
the Transwells and then treated with U60E (20 mg/mL) and/or TNF-a under conditions exposed to NG or HG for 72 h. The permeability was
measured using Evans blue dye (n = 5). (E–H) The tight junction protein expression of ZO-1 and occludin was measured from the top side HRMECs
lysates under conditions for co-culture of pericytes and HRMECs (E, F) or conditions for culturing only HRMECs (G, H) obtained by (D). Quantitative
densitometric analysis was performed to calculate the ratio of each protein to b-tubulin (F, H). The bar graph represents the means ± SD (n = 3). No
significance (n.s.) indicates P > 0.05, *P < 0.05.
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4 Discussion

In this study, we investigated the effect of U60E on endothelial

permeability in DR. In our previous studies, we confirmed that

U60E prevents VEGF-induced endothelial cell proliferation, tube

formation, and migration; therefore, we hypothesized that U60E

could be an effective treatment for retinopathy caused by abnormal

angiogenesis, such as proliferative DR (25). However, the effect of

U60E on endothelial permeability, another major cause of DR, is

unknown. In the present study, U60E did not directly affect

endothelial permeability when HRMECs were cultured alone

(Figure 4D), but we confirmed that U60E prevented the increase

in endothelial permeability induced by high glucose and TNF-a
when HRMECs and pericytes were co-cultured (Figure 4D).

Therefore, U60E may prevent endothelial permeability

through pericytes.

Pericyte loss occurs in the early stage of DR (11–13) and is

closely related to an increase in endothelial permeability (8, 10).

According to our previous study, we confirmed that increased TNF-

a in the diabetic retina induces pericyte apoptosis, leading to

pericyte loss, thereby reducing ZO-1 expression in endothelial

cells and increasing endothelial permeability (14). In addition,

high glucose levels are known to induce rat retinal pericyte

apoptosis (15), and we previously confirmed that high glucose

induces pericyte apoptosis (26). U. davidiana extract also prevents

apoptosis in various cells, such as mouse embryonic fibroblast cells,

mouse embryonic liver cells, and rat pheochromocytoma cells [10–

12]. In addition, in a previous study, we confirmed that the C7A

compound contained in U. davidiana extract had bioactivity related

to cell survival, and U60E also contained C7A (24). In addition,

C7A is known as a representative bioactive compound of U.

davidiana extract (22, 23). Therefore, we hypothesized that C7A

contained in U. davidiana extract could prevent endothelial

permeability by preventing pericyte apoptosis induced by high

glucose or TNF-a in DR. In the present study, we confirmed that

U60E and C7A prevent pericyte apoptosis induced by high glucose

and TNF-a (Figures 2A–E, Supplementary Figures 4A–C). In

addition, when HRMECs and pericytes were co-cultured, we

confirmed that U60E and C7A restored the decrease in the

expression of ZO-1 and the increase in permeability induced by

high glucose and TNF-a in endothelial cells (Figures 4D–F,

Supplementary Figures 8A–C). These results suggest that C7A

contained in U60E prevents endothelial permeability by inhibiting

pericyte apoptosis induced by high glucose and TNF-a levels.

DR is the most common microvascular complication in diabetic

patients and is the leading cause of blindness between the ages of 20

and 64 (27). The two main causes of DR are retinal vascular leakage

and abnormal retinal angiogenesis (27). Interestingly, through

previous study (25) and this study, almost all in vitro experiments

confirmed that U60E or C7A prevent both retinal vascular leakage

and retinal angiogenesis in the condition of DR. These are

interesting results that U60E or C7A can block both major causes

of DR. However, in the case of our studies, there is a limitation that

only in vitro experiments were conducted. Through in vivo
Frontiers in Endocrinology 08187
experiments, it seems necessary to confirm whether U60E and

C7A actually prevent retinal vascular leakage and abnormal

retinal angiogenesis in DR. Furthermore, it seems necessary to

confirm whether U60E and C7A are actually effective in DR patients

through clinical trials. In addition, although U60E and C7A are

extract and compound of the U. davidiana, which is safe natural

product used in traditional medicine, respectively, additional

confirmation of the side effects of U60E or C7A seems necessary

to safely use the agents in clinical practice. Although more research

is needed for these agents to be commercialized in clinical practice,

the discovery of potential disease treatment agents at the cell level,

such as this study, is thought to be a basic stepping stone for the

development of actual clinical treatments in the future.

In this study, we investigated the mechanisms by which U60E

and C7A prevent pericyte apoptosis induced by high glucose and

TNF-a levels. Previously, we confirmed that high glucose and TNF-

a induce pericyte apoptosis by decreasing the expression level of

Bcl-2, a pro-survival protein, and increasing the expression level of

Bax, a pro-apoptotic protein (14). However, the mechanism by

which high glucose and TNF-a induce pericyte apoptosis is unclear.

TNF-a and high levels of glucose have been shown to increase the

activation of p38, JNK, and ERK1/2 in various cells (28–32). It is

also well known that p38, JNK, and ERK1/2 activation is closely

related to the apoptotic pathway (33). Recent studies revealed a

component of U. davidiana extract was known to inhibit TNF-a-
induced activation of p38, JNK, and ERK1/2 in human dermal

fibroblasts (34). Therefore, we hypothesized that U60E and C7A

might prevent pericyte apoptosis by blocking the activation of p38,

JNK, or ERK1/2. We confirmed that high glucose and TNF-a
induce pericyte apoptosis by activating p38 and JNK

(Supplementary Figures 6A–D). However, high levels of glucose

and TNF-a did not activate ERK1/2 in the pericytes

(Supplementary Figures 5A, B). In addition, we confirmed that

U60E and C7A prevented pericyte apoptosis by blocking the

activation of p38 and JNK, but were not involved in ERK1/2

(Figures 3C–F, Supplementary Figures 7A–D). These results

suggest that C7A contained in U60E prevents apoptosis by

blocking the activation of p38 and JNK in pericytes caused by

high glucose and TNF-a in DR.
5 Conclusions

DR is the leading cause of vision damage in working-aged

people and is currently the most common microvascular

complication despite treating DR through glycemic control and

photocoagulation. One of the main causes of DR is vascular leakage

in the retina, and when vascular leakage occurs in the retina, it

causes serious vision damage. Pericytes play a role in interacting

with endothelial cells to increase the tight junction protein ZO-1 of

the endothelial cells, thereby reducing endothelial permeability.

Therefore, when pericyte loss occurs, vascular leakage is more

likely to occur. Interestingly, pericyte loss is one of the most

characteristic and earliest changes in DR. In addition, pericyte
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apoptosis occurs in DR, resulting in pericyte loss. Therefore, if a

substance capable of preventing apoptosis of pericytes is found, it

may be used as a therapeutic agent for DR by preventing retinal

vascular leakage. U. davidiana is a safe natural product that has

been used in traditional medicine and is attracting attention as a

potential treatment for various diseases, but its effect on pericyte

loss or vascular leakage in DR is not known at all.

In this study, we confirmed that C7A, a major compound of U.

davidiana and U60E, prevented the reduction of pericyte cell

viability in DR. In addition, U60E and C7A prevented pericyte

apoptosis by blocking the activity of p38 and JNK induced by high

glucose and TNF-a in DR. U60E and C7A also prevented the

increase in endothelial permeability caused by pericyte apoptosis in

DR. These results suggest that U60E and C7A may be a potential

therapeutic agents in DR by preventing pericyte apoptosis.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material, further inquiries can be

directed to the corresponding authors.
Author contributions

IK, JS, and DL wrote the manuscript and performed

experiments. Y-HK, J-HK, and M-BW analyzed the data and

reviewed the manuscript. J-HY and J-KB designed the study and

wrote/edited the manuscript. All authors have read and agreed to

the published version of the manuscript.
Frontiers in Endocrinology 09188
Funding

This study was supported by 2021 Research Grant from

Kangwon National University (520210059) and a National

Research Foundation of Korea grants funded by the Korean

government (NRF-2020R1I1A3071928 to J-HY, NRF-

2021R1C1C2003405 to J-KB, and NRF-2021R1A5A2031612 to IK).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1138676/

full#supplementary-material
References
1. Antonetti DA, Klein R, Gardner TW. Diabetic retinopathy. N Engl J Med (2012)
366(13):1227–39. doi: 10.1056/NEJMra1005073

2. Duh EJ, Sun JK, Stitt AW. Diabetic retinopathy: current understanding,
mechanisms, and treatment strategies. JCI Insight (2017) 2(14):e93751. doi: 10.1172/
jci.insight.93751

3. Shah CA. Diabetic retinopathy: a comprehensive review. Indian J Med Sci (2008)
62(12):500–19.

4. Moss SE, Klein R, Klein BE. The incidence of vision loss in a diabetic population.
Ophthalmology (1988) 95(10):1340–8. doi: 10.1016/s0161-6420(88)32991-x

5. Shepro D, Morel NM. Pericyte physiology. FASEB J (1993) 7(11):1031–8.
doi: 10.1096/fasebj.7.11.8370472

6. Armulik A, Abramsson A, Betsholtz C. Endothelial/pericyte interactions. Circ Res
(2005) 97(6):512–23. doi: 10.1161/01.RES.0000182903.16652.d7

7. Hori S, Ohtsuki S, Hosoya K, Nakashima E, Terasaki T. A pericyte-derived
angiopoietin-1 multimeric complex induces occludin gene expression in brain capillary
endothelial cells through tie-2 activation in vitro. J Neurochem (2004) 89(2):503–13.
doi: 10.1111/j.1471-4159.2004.02343.x

8. Yun JH, Jeong HS, Kim KJ, Han MH, Lee EH, Lee K, et al. Beta-adrenergic
receptor agonists attenuate pericyte loss in diabetic retinas through akt activation.
FASEB J (2018) 32(5):2324–38. doi: 10.1096/fj.201700570RR

9. Yun JH, Koh YJ, Jeong HS, Lee DH, Lee EH, Cho CH. Propranolol increases vascular
permeability through pericyte apoptosis and exacerbates oxygen-induced retinopathy.
Biochem Biophys Res Commun (2018) 503(4):2792–9. doi: 10.1016/j.bbrc.2018.08.041

10. Yun JH. Interleukin-1beta induces pericyte apoptosis via the NF-kappaB
pathway in diabetic retinopathy. Biochem Biophys Res Commun (2021) 546:46–53.
doi: 10.1016/j.bbrc.2021.01.108
11. Cogan DG, Toussaint D, Kuwabara T. Retinal vascular patterns. IV. diabetic
r e t i nop a th y . Ar ch Oph tha lmo l ( 1 961 ) 6 6 : 3 66–78 . do i : 1 0 . 1 0 01 /
archopht.1961.00960010368014

12. Hall AP. Review of the pericyte during angiogenesis and its role in cancer and
diabetic retinopathy. Toxicol Pathol (2006) 34(6):763–75. doi: 10.1080/
01926230600936290

13. Beltramo E, Porta M. Pericyte loss in diabetic retinopathy: mechanisms and
consequences. Curr Med Chem (2013) 20(26):3218–25. doi: 10.2174/
09298673113209990022

14. Yun JH. Hepatocyte growth factor prevents pericyte loss in diabetic retinopathy.
Microvasc Res (2021) 133:104103. doi: 10.1016/j.mvr.2020.104103

15. Wang W, Zhao H, Chen B. DJ-1 protects retinal pericytes against high glucose-
induced oxidative stress through the Nrf2 signaling pathway. Sci Rep (2020) 10(1):2477.
doi: 10.1038/s41598-020-59408-2

16. Lee S-E, Kim Y-S, Kim J-E, Bang J-K, Seong N-S. Antioxidant activity of ulmus
davidiana var. japonica n. and hemipteleae davidii p. Korean J Med Crop Sci (2004) 12
(4):321–7.

17. Choi SY, Lee S, Choi WH, Lee Y, Jo YO, Ha TY. Isolation and anti-inflammatory
activity of bakuchiol from ulmus davidiana var. japonica. J Med Food (2010) 13
(4):1019–23. doi: 10.1089/jmf.2009.1207

18. Ahn J, Lee JS, Yang KM. Ultrafine particles of ulmus davidiana var. japonica
induce apoptosis of gastric cancer cells via activation of caspase and endoplasmic
reticulum stress. Arch Pharm Res (2014) 37(6):783–92. doi: 10.1007/s12272-013-0312-2

19. Hong N-D, Rho Y-S, Kim N-J, Kim J-S. A study on efficacy of ulmi cortex.
Korean J Pharmacognosy (1990) 21(3):217–22.

20. Lee S. (1996) 39.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fendo.2023.1138676/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2023.1138676/full#supplementary-material
https://doi.org/10.1056/NEJMra1005073
https://doi.org/10.1172/jci.insight.93751
https://doi.org/10.1172/jci.insight.93751
https://doi.org/10.1016/s0161-6420(88)32991-x
https://doi.org/10.1096/fasebj.7.11.8370472
https://doi.org/10.1161/01.RES.0000182903.16652.d7
https://doi.org/10.1111/j.1471-4159.2004.02343.x
https://doi.org/10.1096/fj.201700570RR
https://doi.org/10.1016/j.bbrc.2018.08.041
https://doi.org/10.1016/j.bbrc.2021.01.108
https://doi.org/10.1001/archopht.1961.00960010368014
https://doi.org/10.1001/archopht.1961.00960010368014
https://doi.org/10.1080/01926230600936290
https://doi.org/10.1080/01926230600936290
https://doi.org/10.2174/09298673113209990022
https://doi.org/10.2174/09298673113209990022
https://doi.org/10.1016/j.mvr.2020.104103
https://doi.org/10.1038/s41598-020-59408-2
https://doi.org/10.1089/jmf.2009.1207
https://doi.org/10.1007/s12272-013-0312-2
https://doi.org/10.3389/fendo.2023.1138676
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Kim et al. 10.3389/fendo.2023.1138676
21. Kim E-J, Jang M-K, Yoon E-H, Jung C-Y, Nam D-W, Lee S-D, et al. Efficacy of
pharmacopuncture using root bark of ulmus davidiana planch in patients with knee
osteoarthritis: a double-blind randomized controlled trial. J Acupuncture Meridian Stud
(2010) 3(1):16–23. doi: 10.1016/S2005-2901(10)60003-9

22. Jung MJ, Heo S-I, Wang M-H. HPLC analysis and antioxidant activity of ulmus
davidiana and some flavonoids. Food Chem (2010) 120(1):313–8. doi: 10.1016/
j.foodchem.2009.09.085

23. Park YJ, Kim DM, Jeong MH, Yu JS, So HM, Bang IJ, et al. (-)-Catechin-7-O-
beta-d-Apiofuranoside inhibits hepatic stellate cell activation by suppressing the
STAT3 signaling pathway. Cells (2019) 9(1):30. doi: 10.3390/cells9010030

24. YunJH,KimHO,JeongJH,MinY,ParkKH,SiCL,et al.Ulmusdavidianavar. japonica
extracts suppress lipopolysaccharide-induced apoptosis through intracellular calcium
modulation inU937macrophages.FrontEnergyRes (2022)10.doi:10.3389/fenrg.2022.820330

25. Park J, Kim HO, Park KH, Wie MB, Choi SE, Yun JH. A 60% edible ethanolic
extract of ulmus davidiana inhibits vascular endothelial growth factor-induced
angiogenesis. Molecules (2021) 26(4):781. doi: 10.3390/molecules26040781

26. Park SW, Yun JH, Kim JH, Kim KW, Cho CH, Kim JH. Angiopoietin 2 induces
pericyte apoptosis via alpha3beta1 integrin signaling in diabetic retinopathy. Diabetes
(2014) 63(9):3057–68. doi: 10.2337/db13-1942

27. Crawford TN, Alfaro DV3rd, Kerrison JB, Jablon EP. Diabetic retinopathy and
angiogenesis. Curr Diabetes Rev (2009) 5(1):8–13. doi: 10.2174/157339909787314149
Frontiers in Endocrinology 10189
28. Hoshi S, Nomoto K, Kuromitsu J, Tomari S, Nagata M. High glucose induced
VEGF expression via PKC and ERK in glomerular podocytes. Biochem Biophys Res
Commun (2002) 290(1):177–84. doi: 10.1006/bbrc.2001.6138

29. Xu ZG, Kim KS, Park HC, Choi KH, Lee HY, Han DS, et al. High glucose
activates the p38 MAPK pathway in cultured human peritoneal mesothelial cells.
Kidney Int (2003) 63(3):958–68. doi: 10.1046/j.1523-1755.2003.00836.x

30. Takata F, Dohgu S, Matsumoto J, Takahashi H, Machida T, Wakigawa T, et al.
Brain pericytes among cells constituting the blood-brain barrier are highly sensitive to
tumor necrosis factor-alpha, releasing matrix metalloproteinase-9 and migrating in
vitro. J Neuroinflamm (2011) 8:106. doi: 10.1186/1742-2094-8-106

31. Sabio G, Davis RJ. TNF and MAP kinase signalling pathways. Semin Immunol
(2014) 26(3):237–45. doi: 10.1016/j.smim.2014.02.009

32. Shan L, Yang D, Zhu D, Feng F, Li X. High glucose promotes annulus fibrosus
cell apoptosis through activating the JNK and p38 MAPK pathways. Biosci Rep (2019)
39(7):BSR20190853. doi: 10.1042/BSR20190853

33. Wada T, Penninger JM. Mitogen-activated protein kinases in apoptosis
regulation. Oncogene (2004) 23(16):2838–49. doi: 10.1038/sj.onc.1207556

34. Lee S, Yu JS, Phung HM, Lee JG, Kim KH, Kang KS. Potential anti-skin aging
effect of (-)-Catechin isolated from the root bark of ulmus davidiana var. japonica in
tumor necrosis factor-alpha-Stimulated normal human dermal fibroblasts.
Antioxidants (Basel) (2020) 9(10):981. doi: 10.3390/antiox9100981
frontiersin.org

https://doi.org/10.1016/S2005-2901(10)60003-9
https://doi.org/10.1016/j.foodchem.2009.09.085
https://doi.org/10.1016/j.foodchem.2009.09.085
https://doi.org/10.3390/cells9010030
https://doi.org/10.3389/fenrg.2022.820330
https://doi.org/10.3390/molecules26040781
https://doi.org/10.2337/db13-1942
https://doi.org/10.2174/157339909787314149
https://doi.org/10.1006/bbrc.2001.6138
https://doi.org/10.1046/j.1523-1755.2003.00836.x
https://doi.org/10.1186/1742-2094-8-106
https://doi.org/10.1016/j.smim.2014.02.009
https://doi.org/10.1042/BSR20190853
https://doi.org/10.1038/sj.onc.1207556
https://doi.org/10.3390/antiox9100981
https://doi.org/10.3389/fendo.2023.1138676
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Frontiers in Endocrinology

OPEN ACCESS

EDITED BY

Rajashekhar Gangaraju,
University of Tennessee Health Science
Center (UTHSC), United States

REVIEWED BY

Guoqiang Zeng,
Shenzhen University General
Hospital, China
Carmen Clapp,
National Autonomous University
of Mexico, Mexico

*CORRESPONDENCE

Ming-Shan He

mingshanher@gmail.com

RECEIVED 25 November 2022

ACCEPTED 08 May 2023

PUBLISHED 17 May 2023

CITATION

Hsieh T-C, Deng G-H, Chang Y-C,
Chang F-L and He M-S (2023) A
real-world study for timely assessing the
diabetic macular edema refractory to
intravitreal anti-VEGF treatment.
Front. Endocrinol. 14:1108097.
doi: 10.3389/fendo.2023.1108097

COPYRIGHT

© 2023 Hsieh, Deng, Chang, Chang and He.
This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 17 May 2023

DOI 10.3389/fendo.2023.1108097
A real-world study for timely
assessing the diabetic macular
edema refractory to intravitreal
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Background: Early Identifying and characterizing patients with diabetic macular

edema (DME) is essential for individualized treatment and outcome optimization.

This study aimed to timely investigate optical coherence tomography (OCT)

biomarkers of DME refractory to intravitreal anti-vascular endothelial growth

factor (VEGF) therapy.

Methods: We retrospective reviewed 72 eyes from 44 treatment-naïve patients

who were treated with intravitreal anti-VEGF for DME. OCT scans prior to anti-

VEGF were evaluated for serous retinal detachment (SRD), size of outer nuclear

layer cystoid changes, diffuse retinal thickening, integrity of the inner segment-

outer segment (IS-OS) junction, quantity and location of hyperreflective foci,

vitreomacular interface abnormalities, and epiretinal membrane (ERM). The

Baseline best-corrected visual acuity (BCVA) and central macular thickness was

recorded at baseline and 4 months after treatment with anti-VEGF. The main

outcome measure was the correlation between spectral-domain OCT

measurements and BCVA response at baseline and after anti-VEGF treatment

(mean change from baseline; ≥ 10 Early Treatment Diabetic Retinopathy Study

letters in BCVA).

Results: Partially continuous IS-OS layers (partially vs. completely continuous: b,
-0.138; Wald chi-square, 16.392; P<0.001) was predictor of better response to

anti-VEGF treatment. In contrast, ERM (present vs. absent ERM: b, 0.215; Wald

chi-square, 5.921; P=0.015) and vitreomacular traction (vitreomacular traction

vs. posterior vitreous detachment: b=0.259; Wald chi-square=5.938; P=0.015)

were the predictors of poor response. The improvement of BCVA trended

toward the OCT predictive value of central macular thickness reduction;

however, this was not significant.

Conclusion: Partially continuous IS-OS layers is predictive of better response to

anti-VEGF therapy in DME. Meanwhile, ERM is a significant predictor of poor

response.

KEYWORDS

diabetic macular edema, anti-vegf, optical coherence tomography, epiretinal
membrane, diabetic retinopathy
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Introduction

Vision loss associated with diabetic retinopathy (DR) is most

commonly caused by diabetic macular edema (DME) (1). The

Diabetes Control and Complications Trial (DCCT) reported that

27% of patients with type 1 diabetes developed macular edema

within 9 years of diabetes onset (2). Other studies indicate that in

type 2 diabetes patients, the prevalence increases from 3% within 5

years of diagnosis to 28% after 20 years (3). Although several

treatment options are available, no consensus on DME treatment

based on patient status has been achieved.

Vascular endothelial growth factor (VEGF) is an important

mediator of abnormal vascular permeability in eyes with DME (4).

Anti-VEGF injections are generally proposed as first-line therapy for

center-involved DME and are effective in improving visual acuity

(VA), with 10%–40% of patients achieving significant improvement

in VA after 1 year of treatment (5, 6). However, a considerable

proportion have unsatisfactory response to anti-VEGF agents; 40% of

eyes with DME do not or have suboptimal response to anti-VEGF

treatment (7, 8). Nonetheless, there is little information to date about

the prognostic factors of poor responders.

Optical coherence tomography (OCT) images are readily

available to physicians and provide detailed information.

Structural changes presumably reflect part of the complex

pathophysiologic processes occurring in DME. Furthermore,

anatomical measures on spectral-domain (SD) OCT can predict

treatment success or failure of various therapies (9). Distinct

structural changes identifiable on SD-OCT could reflect part of

the intraocular pathophysiologic process change after anti-VEGF

treatments and help predict the treatment response.

Among patients with DME refractory to anti-VEGF therapy after

a loading dose of three consecutive monthly injections, those who

were switched to other treatment modalities (e.g., corticosteroids) had

better visual and anatomical outcomes at 12 months than did those

who continued with anti-VEGF therapy (10). Post hoc analysis from

the DRCR.net Protocol I study also indicates that early central

macular thickness (CMT) response to anti-VEGF is a significant

prognostic indicator of medium to long-term anatomical outcomes in

DME (11). Accordingly, the early identification of patients who

would not benefit from first-line treatment with anti-VEGF therapy

is critical. Real-world studies have become increasingly important in

providing evidence of treatment effectiveness in clinical practice.

They can therefore provide information on the long-term safety,

particularly of rare events, and efficacy of drugs in large

heterogeneous populations, as well as information on utilization

patterns and health and economic outcomes (12). We aimed to

investigate whether the characteristics identified on SD-OCT could

be predictive markers of treatment response after three monthly anti-

VEGF therapies in DME patients.

Research design and methods

Study design and setting

This retrospective study was approved by the Institutional

Review Board of the Research Ethics Committee of Hualien Tzu-
Frontiers in Endocrinology 02191
Chi Hospital and Buddhist Tzu-Chi Medical Foundation (IRB110-

188-B) and was conducted in accordance with the guidelines of the

Declaration of Helsinki. Data were obtained from Hualien Tzu Chi

Hospital Medical Center. Data of patients with DME treated with

intravitreal anti-VEGF between April 1, 2013 and April 1, 2021

were reviewed. Written informed consent was obtained from

all patients.
Study participants

The inclusion criteria were as follows (1): age≥ 20 years; (2) type

1 or 2 diabetes mellitus; (3) treatment-naïve DME causing visual

loss macular edema defined clinically and as retinal thickness of

>300 mm in the central subfield and intraretinal or subretinal fluid

seen on SD-OCT; and (4) treatment with anti-VEGF agents. The

exclusion criteria were (1) another concomitant ocular disease that

causes macular edema (i.e., neovascular age-related macular

degeneration or choroidal neovascularization due to other

reasons, retinal vein occlusion, uveitis, and recent intraocular

surgery possibly causing postsurgical macular edema or influence

drug absorption, such as cataract surgery or vitrectomy); (2)

previous treatment with intraocular corticosteroids or pan-retinal

photocoagulation within 6 months before treatment with anti-

VEGF agents. For patients who received bilateral treatment, both

the eyes were included. Refractory DME was defined as a reduction

of less than 10% in retinal thickness on SD-OCT measured 1 month

after at least three monthly anti-VEGF injections. Data on

demographic data, age, sex, and type of retinopathy (non-

proliferative or proliferative) were collected from patient charts.
Optical coherence tomography analysis

Qualitative and quantitative evaluations of SD-OCT images

encompassing the fovea were performed at baseline and 4 months

after treatment to assess the presence of several morphologic

features, including (1) SRD (height at the fovea was measured);

(2) cystoid changes in the outer nuclear layer (ONL) and maximal

cyst size (small <100mm, large 100-200mm, giant >200mm); (3)

continuity of the inner segment-outer segment (IS-OS) layer

(completely continuous, partly disrupted, completely disrupted);

(4) presence of hyperreflective foci (HRF), as well as quantity (few,

2–10; many >11) and location (between the internal limiting

membrane and the inner nuclear layer; between the outer

plexiform layer and external limiting membrane; in all retinal

layers); (5) status of the vitreomacular interface (detached,

vitreomacular adhesion [VMA], vitreomacular traction[VMT]);

(6) presence of an epiretinal membrane (ERM); (7) CMT; and (8)

presence of diffuse retinal thickening (DRT), as well as the width

(≦1, 1–3, 3–6 mm). OCT scans were obtained using SD-OCT

(Heidelberg Spectralis, Heidelberg, Germany). The listed features

were evaluated using a horizontal b-scan encompassing the fovea.

The OCT images were evaluated by two experienced retina

specialists (MS He and YC Chang) blinded to the outcome. CMT

was recorded at baseline and at 1, 2, 3, and 4 months.
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Statistical analysis

Continuous variables and categorical variables were expressed as

the mean with standard deviation and as the frequency with

proportion, respectively. Both eyes of the patients were included in

the analysis. Considering the correlation between eyes, the

generalized estimate equation (GEE) was employed for assessing

the baseline predictors for the continuous outcome of central macular

thickness reduction and central macular thickness reduction <10%.

All statistical analyses were performed using SPSS for Windows

(version 21.0; IBM, Armonk, NY, USA). All p values were two-

sided, and p<0.05 was considered statistically significant.
Results

Study participants

A total of 72 eyes from 44 patients were included in the analysis.

The demographic patient characteristics are shown in Table 1. All

eyes with DME had no history of anti-VEGF treatment and were

treated with three consecutive monthly intravitreal injections of

anti-VEGF. Three main types of anti-VEGF drugs were used in our

cohort, the most common of which was ranibizumab (n=60 eyes,

83.3%), followed by aflibercept (n=10, 13.9%) and bevacizumab

(n=2, 2.8%). A total of 24 eyes (33.3%) had proliferative diabetic

retinopathy (PDR), 43 eyes (59.7%) had severe non-proliferative

diabetic retinopathy (NPDR), and 5 eyes (6.9%) had

moderate NPDR.
Anatomic baseline characteristics

The baseline OCT characteristics are shown in Table 1. With

respect to the DME morphology, DRT was the most common

presentation (n=59 eyes, 81.9%), followed by cystoid macular

edema (CME) (n=33 eyes, 45.8%) and SRD (n=16 eyes, 22.2%).

Furthermore, eyes with DME were more commonly to present with

complete continuous IS-OS continuity (52.8%), HRF (86.1%), and

VMA (88.9%) in the baseline.
Optical coherence tomography predictors
for treatment response

Eyes with partially continuous IS-OS layers had a better

treatment response after 4 months (partially vs. completely

continuous: b=-0.138; Wald chi-square=16.392; P<0.001).

Baseline VMT was a predictor of poor functional treatment

response after 4 months (VMT vs. posterior vitreous detachment:

b=0.259; Wald chi-square=5.938; P=0.015). Moreover, eyes with

ERM at baseline were more likely to have poor response at 4 months

(present vs. absent ERM: b=0.215; Wald chi-square=5.921;

P=0.015). Figure 1 shows the OCT biomarkers that were
Frontiers in Endocrinology 03192
TABLE 1 Descriptive statistics: demographic data and optical coherence
tomography baseline measures.

Variables are based on number of subjects

Sex N (%)

Female 25 (56.8%)

Male 19 (43.2%)

Age (yrs), Mean (SD) 62.64 (9.75)

HbA1c (%), Mean (SD) 8.34 (2.09)

Variables are based on number of eyes

Baseline Measures Left eye
N=37

Right eye
N=35

Diffuse retinal thickening

3-6mm 15 (40.5%) 17 (48.6%)

1-3mm 17 (45.9%) 6 (17.1%)

≤1mm 3 (8.1%) 1 (2.9%)

0mm (ref.) 2 (5.4%) 11 (31.4%)

ONL cyst size

Giant 1 (2.7%) 2 (5.7%)

Large 8 (21.6%) 11 (31.4%)

Small 4 (10.8%) 7 (20.0%)

No (ref.) 24 (64.9%) 15 (42.9%)

IS-OS continuity

Completely disrupted 2 (5.6%) 2 (5.7%)

Partially continuous 13 (36.1%) 16 (45.7%)

Completely continuous 21 (58.3%) 17 (48.6%)

HRF foci-quantity & foci-location

Many (≥11) & all layers 9 (24.3%) 14 (40.0%)

Many (≥11) & OPL-ELM 1 (2.7%) 0 (0.0%)

Many (≥11) & ILM-INL 1 (2.7%) 3 (8.6%)

Few (2-10) & all layers 8 (21.6%) 5 (14.3%)

Few (2-10) & OPL-ELM 2 (5.4%) 2 (5.7%)

Few (2-10) & ILM-INL 11 (29.7%) 6 (17.1%)

Absent 5 (13.5%) 5 (14.3%)

Vitreomacular interface

VMT 1 (2.8%) 0 (0.0%)

VMA 30 (83.3%) 34 (90.1%)

PVD 5 (13.9%) 1 (2.9%)

ERM

Yes 7 (18.9%) 8 (22.9%)

No (ref.) 30 (81.1%) 27 (77.1%)

(Continued)
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predictive of treatment response after 4 months. The predictive

values of all OCTmeasures examined are shown in Table 2. Baseline

predictors of mean CMT reduction are shown in Figure 2.

Furthermore, the odds of gaining BCVA ≥10 letters at 4 months

trended toward the OCT predictive value of CMT reduction;

however, this was not significant (Table 3). All OCT biomarkers

that were predictive of good BCVA response are shown in Figure 3.
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In a subanalysis, eyes with CMT reduction of less than 10% after

4 months were designated to the refractory group (Table 4). The

results showed that ERM at baseline predicted highly increased

odds of poor response at 4 months (OR, 12.469; 95% CI, 2.012–

77.259; P=0.007). In contrast, large ONL cyst sizes at baseline (OR,

0.096; 95% CI, 0.015–0.62; P=0.014) and partially continuous IS-OS

layers (OR, 0.139; 95% CI, 0.026–0.742; P=0.021) were less likely to

be refractory group after 4 months (Figure 4).

In the univariate analysis, SRD at baseline was significantly

associated with treatment response to anti-VEGF agents (MD,

-188.69 mm; 95% CI, -128.95 to -248.43; P<0.001) (Table 5).

However, in multivariate survival analysis, treatment response to

anti-VEGF regimens was not a significant influencing factor in

patients with SRD (present vs. absent: b, 0.01; Wald chi-square,

0.005; P=0.945) (Table 2).
Discussion

In this real-world evidence-based study, we identified partially

continuous IS-OS layers as biomarkers that predict better response

to anti-VEGF therapy in DME. In contrast, ERM is a significant

predictor of poor response. DME has a complex pathogenesis, with

multiple factors contributing to its pathophysiology, including

angiogenic, inflammatory, hypoxic, and hemodynamic processes

that lead to the breakdown of the blood-retinal barrier (BRB) and

leakage of intraretinal fluid (13). Anti-VEGF injections are generally
TABLE 1 Continued

Variables are based on number of eyes

Baseline Measures Left eye
N=37

Right eye
N=35

SRD

Yes 5 (13.5%) 11 (31.4%)

No 32 (86.5%) 24 (68.6%)

DR type

PDR 13 (35.1%) 11 (31.4%)

Severe NPDR 22 (59.5%) 21 (60.0%)

Moderate NPDR 2 (5.4%) 3 (8.6%)
ELM, external limiting membrane; ERM, epiretinal membrane; ref, reference; HRF,
hyperreflective foci; ILM, internal limiting membrane; IS-OS, inner segment-outer segment;
NPDR, non- proliferative diabetic retinopathy; ONL, outer nuclear layer; OPL, outer
plexiform layer; PDR, proliferative diabetic retinopathy; PVD, posterior vitreous
detachment; SD, standard deviation; SRD, serous retinal detachment; VMA, vitreomacular
adhesion; VMT, vitreomacular traction.
FIGURE 1

OCT measures. (A), Grading of outer nuclear layer (ONL) cysts: Cystoid diabetic macular edema (DME) with a giant ONL cyst (★). (B), Serous retinal
detachment (SRD) with diffuse retinal thickening (DRT, width of 3–6mm) showing retinal elevation between the sensory retina and the retinal
pigment epithelium (dashed arrow); the height of SRD is measured. Grading of hyperreflective foci (HRF): A high number of HRF (≥11) are distributed
in all layers (located between the ILM and INL [arrowhead] and between OPL and ELM [arrow]). (C, D), Grading of DRT: (C), DME associated with
focal DRT (width ≦1 mm, between arrows). (D), DME related to localized DRT (width within 1–3 mm, between arrows). (E, F), Grading of the inner
segment-outer segment (IS-OS) integrity. (E), Partially disrupted continuity of the IS-OS layer (between arrows). (F), Complete discontinuity of the IS-
OS layer (between arrows). (G), DME associated with epiretinal membrane (arrow). (H), DME associated with vitreomacular traction (arrow). ELM,
external limiting membrane; ILM, internal limiting membrane; INL, inner nuclear layer; OPL, outer plexiform layer.
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TABLE 2 Baseline predictors for the mean reduction (improvement) of central macular thickness.

Variable b Wald Chi-Square P-value

Sex

Female -0.068 0.465 0.495

Male (ref.) −

Age 0.006 2.053 0.152

Diffuse retinal thickening

3-6mm 0.104 0.756 0.384

1-3mm 0.149 1.864 0.172

≤1mm -0.108 3.542 0.060

0mm (ref.) −

ONL cyst size

Giant 0.069 1.080 0.299

Large 0.035 0.381 0.537

Small -0.165 1.908 0.167

No (ref.) −

IS-OS continuity

Completely disrupted -0.396 2.034 0.154

Partially continuous -0.138 16.392 <0.001

Completely continuous (ref.) −

HRF foci-quantity

Many (≥11) & all layers 0.102 1.130 0.288

Many (≥11) & OPL-ELM -0.076 0.037 0.847

Many (≥11) & ILM-INL 0.013 0.037 0.848

Few (2-10) & all layers 0.140 2.062 0.151

Few (2-10) & OPL-ELM 0.227 0.348 0.555

Few (2-10) & ILM-INL 0.072 1.666 0.197

Absent (ref.) −

Vitreomacular interface

VMT 0.259 5.938 0.015

VMA 0.083 0.845 0.358

PVD (ref.) −

ERM

Yes 0.215 5.921 0.015

No (ref.) −

DR type

PDR -0.216 1.631 0.202

Severe NPDR -0.121 0.555 0.456

Moderate NPDR (ref.) −

(Continued)
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recommended as the first-line therapy for DME; however,

refractory cases are not uncommon. A post-hoc analysis of the

DRCR.net Protocol I reported an approximately 40% prevalence of

refractory DME after 2 years of monthly intravitreal ranibizumab

treatment (7). Combined data from the RIDE/RISE trial found that

23% of eyes receiving intravitreal ranibizumab had persistent

macular edema at the end of the study period (14). The real-

world prevalence of refractory DME may be higher than estimated

in these studies, as rigorous enrolment and follow-up protocols in

clinical trials are unlikely to be fully replicated in everyday practice

(15). An important issue is the possibility of early identification of

patients who would not benefit from first-line anti-VEGF therapy.

VEGF is significantly higher in all types of DME than that in the

eyes of non-diabetes patients, indicating that VEGF is equally

important for any morphological changes in eyes with DME (16).

However, evidence indicates that bioactive factors such as cytokines

are also released into the retina. The proposed pathophysiology of
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each type is quite different; thus, each DME type has its own

morphological and topographic characteristics (17). interleukin

(IL)-6, a pro-inflammatory cytokine, intraocular levels of IL-6

were significantly higher in eyes with SRD than in eyes with DRT

or CME, implying active inflammation. A recent study showed a

better response to dexamethasone implants in eyes with SRD (9).

The predictive value of SRD at baseline for the treatment response

to anti-VEGF agents in DME remains controversial. Although some

studies reported a significant improvement in VA in patients with

SRD at baseline (18, 19), others found no difference or even worse

functional results (20, 21). Univariate analysis to assess whether

SRD is responsive to anti-VEGF agents in the current study showed

that SRD significantly responded to anti-VEGF agents. However, in

the multivariate survival analysis, treatment response to anti-VEGF

regimens was not a significant influencing factor in patients with

SRD. This can happen when SRD and other covariates are highly

correlated. Furthermore, additional variables (ex. ERM) may
TABLE 2 Continued

Variable b Wald Chi-Square P-value

SRD

Yes 0.010 0.005 0.945

No (ref.) −
ELM, external limiting membrane; ERM, epiretinal membrane; ref, reference; HRF, hyperreflective foci; ILM, internal limiting membrane; IS-OS, inner segment-outer segment; NPDR, non-
proliferative diabetic retinopathy; ONL, outer nuclear layer; OPL, outer plexiform layer; PDR, proliferative diabetic retinopathy; PVD, posterior vitreous detachment; SRD, serous retinal
detachment; VMA, vitreomacular adhesion; VMT, vitreomacular traction; b, beta coefficient.
FIGURE 2

Forest plot of baseline predictors of CMT reduction, using generalized estimate equation model. CMT, central macular thickness; ONL, outer nuclear
layer; IS-OS, inner segment-outer segment; HRF, hyperreflective foci; OPL, outer plexiform layer; ELM, external limiting membrane; ILM, internal
limiting membrane; VMA, vitreomacular adhesion; VMT, vitreomacular traction; PVD, posterior vitreous detachment; ERM, epiretinal membrane;
PDR, proliferative diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; SRD, serous retinal detachment; b, beta coefficient.
* Statistically significant at p<0.05.
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explain more of the variance in the outcome variable, and thus

reduce the impact of the initially significant of SRD.

In DME, the concentration of intraocular VEGF is significantly

correlated with IL-6 levels (16). Anti-VEGF therapy reduces intraocular

subclinical inflammation, and the aqueous humor concentration of IL-

6 is decreased after anti-VEGF treatment (22). This could explain the
Frontiers in Endocrinology 07196
response to anti-VEGF therapy in eyes with SRD in the current study.

Our result was also consistent with that in the study by Sophie et al.

(18) who reported that suppression of VEGF effectively eliminated

subretinal fluid. Future prospective comparative investigations of the

efficacy of anti-VEGF and of dexamethasone implants in eyes with

SRD are required to optimize patient management.
TABLE 3 Baseline predictors of a ≥10 letter gain in best-corrected visual acuity.

Variable OR
95% CI

P-value
Upper Lower

Sex

Female 0.243 0.041 1.430 0.118

Male (ref.) 1 . .

Age 1.033 0.945 1.128 0.477

Diffuse retinal thickening

3-6mm 6.030 0.941 38.656 0.058

1-3mm 0.450 0.041 4.933 0.513

≤1mm 0.996 0.014 69.310 0.998

0mm (ref.) 1

ONL cyst size

Giant 0.003 0.001 10.015 0.996

Large 2.126 0.541 8.633 0.275

Small 0.839 0.156 4.508 0.938

No (ref.) 1

IS-OS continuity

Completely disrupted 0.005 0.011 12.021 0.996

Partially continuous 1.052 0.343 3.224 0.929

Completely continuous (ref.) 1

HRF foci-quantity

Many (≥11) 0.166 0.021 1.324 0.090

Few (2-10) 0.250 0.035 1.765 0.164

Absent (ref.) 1

ERM

Yes 0.346 0.061 1.976 0.233

No (ref.) 1

DR type

PDR 0.602 0.112 3.237 0.555

Severe NPDR 0.799 0.165 3.879 0.781

Moderate NPDR (ref.) 1

SRD

Yes 1.366 0.293 6.098 0.708

No (ref.) 1
CI, confidence interval; ERM, epiretinal membrane; ref, reference; HRF, hyperreflective foci; IS-OS, inner segment-outer segment; NPDR, non- proliferative diabetic retinopathy; ONL, outer nuclear
layer; OR,Odds ratio; PDR, proliferative diabetic retinopathy; PVD, posterior vitreous detachment; SRD, serous retinal detachment; VMA, vitreomacular adhesion; VMT, vitreomacular traction.
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In the current study, 45.8% of all patients presented with ONL

cysts, and the majority had large ONL cysts (100–200 µm), mainly

occurring at a relatively late stage of the disease. We found that large

ONL cysts at baseline are less likely to be refractory group after anti-

VEGF treatment at 4 months. Previous studies have reported that

large ONL cysts negatively affect macular function and are

predictive of worse VA outcomes after anti-VEGF therapy

(23, 24). Elevated VEGF levels in DR affect the inner BRB,

leading to increased vascular permeability, decreased osmotic

gradient, extracellular fluid accumulation, and cyst formation

(25). Furthermore, liquefaction necrosis of Müller cells and

related inflammatory factors result in fluid accumulation in the

cystic space (17). However, unlike SRD, IL-6 and IL-8 levels were

not significantly increased in eyes with cystic changes (16). This

indicated that the eye may not be in an active inflammatory state;

rather, it could be a remnant of a previous inflammatory reaction

(16). Anti-VEGF agents have been shown to decrease permeability

and improve inner BRB by interacting with junctional proteins in

the vascular endothelium (23). Our results support this finding and

are consistent with a recent report that throughout anti-VEGF

treatment, significant regression of ONL cysts accompanied notable

improvement of macular function with a substantial decrease in

their size (23). Nevertheless, we could not find an association

between large ONL cysts and a mean reduction of CMT after

anti-VEGF treatment at four months. Furthermore, only 3 eyes

presented with giant ONL cysts (>200 µm), and we were unable to

find an association between treatment outcomes and anti-VEGF

agents in patients with giant ONL cysts.

The pathogenesis of DRT involves the persistent breakdown of the

inner BRB and impairment offluid absorption byMüller cells (17). DRT

can be localized or more diffusely encompass the macula. Previous

studies have reported that intravitreal anti-VEGF therapy is more

effective for the DRT type than for the other types of DME (20, 26).
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Nevertheless, no study assessed whether the degree of the DRT

would interfere with the treatment response or not. To clarify the

relationship between DRT and response to anti-VEGF treatment,

we first qualitatively evaluated the width of the DRT on a standard

horizontal 6-mm B-scan OCT centered through the fovea and

further stratified it into three subgroups (≤ 1, 1–3, and 3–6 mm).

The results showed that the width of DRT was inversely

proportional to the odds of poor response. Specifically, there was

a trend indicating that the degree of DRT was proportionally

associated with better response, although this was not significant

in multivariate analysis.

There is a high incidence of vitreomacular interface abnormality

(VMIA) among DME patients (27). The current study found a

20.8% incidence of ERM in our cohort. Although DR and its

severity are risk factors for developing secondary ERM (27, 28),

cases of VMIA are excluded from major clinical trials, even though

DME is associated with this condition in 25% of patients (29).

Nevertheless, knowledge regarding the effect of VMIA on the

response to anti-VEGF treatment in patients with DME has not

been thoroughly investigated. Ercalik et al. retrospectively evaluated

56 eyes with or without ERM and found a negative effect of ERM on

intravitreal anti-VEGF treatment (30). Wong et al. conducted a

prospective study of 104 eyes with DME treated with anti-VEGF

and found that ERM was associated with a worsened visual and

anatomic response (31). Notably, neither study considered other

OCT biomarkers; thus, the findings might not completely represent

the true impact of ERM in eyes with DME.

Considering the diversity of OCT morphology in DME, we

included various OCT biomarker characteristics and considered

ERM as a variable in eyes with refractory DME, despite anti-VEGF

therapy. Furthermore, we used a multivariate statistical model to

analyze the association between treatment response and each OCT

biomarker. Our results showed that ERM significantly increased the
FIGURE 3

Forest plot of baseline predictors of a ≥10 letter gain in BCVA, using generalized estimate equation model. BCVA, best-corrected visual acuity; ONL,
outer nuclear layer; IS-OS, inner segment-outer segment; HRF, hyperreflective foci; ERM, epiretinal membrane; SRD, serous retinal detachment.
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odds of poor response. According to previous study on ERM

pathology in diffuse DME, multilayered membranes are mainly

composed of hyalocytes and myofibroblasts. Hyalocytes were

shown to produce VEGF and can transdifferentiate into

myofibroblasts, known for their contractive properties (32).

Furthermore, contraction of the ERM may cause perifoveal
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capillary leakage and aggravate macular edema. It has also been

demonstrated that glial cells in ERM produce various cytokines and

growth factors. VEGF and its receptors, as well as IL-6, are localized

to cells in the ERM of patients with DR, thus further increasing

inflammation and possibly promoting DME persistence (30, 33).

Furthermore, ERM may act as a physical barrier and decrease drug
TABLE 4 Baseline predictors of central macular thickness reduction <10%.

Variable OR
95% CI

P-value
Upper Lower

Sex

Female 1.044 0.264 4.134 0.951

Male (ref.) 1

Age 0.907 0.629 1.313 0.411

Diffuse retinal thickening

3-6mm 0.208 0.017 2.547 0.219

1-3mm 0.321 0.024 4.285 0.390

≤1mm 0.403 0.008 20.297 0.649

0mm (ref.) 1

ONL cyst size

Giant 1.229 0.106 14.216 0.869

Large 0.096 0.015 0.620 0.014

Small 0.398 0.033 4.790 0.468

No (ref.) 1

IS-OS continuity

Completely disrupted 0.151 0.013 1.730 0.129

Partially continuous 0.139 0.026 0.742 0.021

Completely continuous (ref.) 1

HRF foci-quantity

Many (≥11) 4.566 0.222 93.953 0.325

Few (2-10) 0.733 0.047 11.381 0.824

Absent (ref.) 1

ERM

Yes 12.469 2.012 77.259 0.007

No (ref.) 1

DR type

PDR 1.753 0.258 11.936 0.566

Severe NPDR 2.489 0.305 20.288 0.394

Moderate NPDR (ref.) 1

SRD

Yes 0.221 0.034 1.414 0.111

No (ref.) 1
CI, confidence interval; ERM, epiretinal membrane; ref, reference; HRF, hyperreflective foci; IS-OS, inner segment-outer segment; NPDR, non- proliferative diabetic retinopathy; ONL, outer nuclear
layer; OR, Odds ratio; PDR, proliferative diabetic retinopathy; PVD, posterior vitreous detachment; SRD, serous retinal detachment; VMA, vitreomacular adhesion; VMT, vitreomacular traction.
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penetration after intravitreal injections of anti-VEGF in DME

treatment (34).

The connective tissue growth factor (CTGF) is one of the most

potent profibrotic factors. It can stimulate fibroblast proliferation and

collagen deposition, resulting in fibrosis (35). Anti-VEGF has been

reported to cause hypoxia in vascular endothelial cells and increase

CTGF expression, which plays an important role in ERM formation

(36). As a result, anti-VEGF therapy may potentially aggravate ERM

contractions and interfere with the resolution of macular edema in

diabetes. These results may explain the increased likelihood of poor

response in this group. Nevertheless, consistent with the guidelines

for DME management by retinal specialists, PPV is currently

recommended as a therapeutic option in cases of DME associated

with VMT (37). In the absence of traction formation, there is no

consensus on the role of PPV in the actual treatment of diabetic eyes.

Our results call for further comparative studies and treatment

modalities other than anti-VEGF in DME patients presenting with

ERM-impaired visual and anatomic outcomes.

HRF represents subclinical lipoproteins that extravasate after

inner BRB breakdown. It is initially present in the inner retinal

layers and subsequently migrates to the outer retinal layers (38).

HRF is an important imaging marker for retinal inflammation

(39). However, the predictive value of HRF for visual outcomes

after anti-VEGF treatment in DME is unclear (9). In our study, we

did not find that the presence of HRF was associated with

treatment response after anti-VEGF therapy. The integrity of

outer retinal layers is a direct indicator of the health of the
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retinal photoreceptors and retinal pigment epithelium. IS-OS

integrities is an important factor for predicting VA after

treatment. Subjects with long-standing DME may demonstrate

focal or diffuse loss of integrity of the IS-OS junction. Previous

studies have reported that IS-OS integrity can be expected to

recover after anti-VEGF therapy (17, 23). Our results support this

finding and show a better response to anti-VEGF therapy in eyes

with partially continuous IS-OS layers.

Our study has some limitations. First, its retrospective and non-

randomized design precluded a well-matched control enrollment.

Second, the sample size was small, which may have hindered the

significance of the results. Third, we prescribed three anti-VEGF

agents to treat DME in the real-world clinical practice setting.

Although most eyes were treated with ranizucimumab (83.3%), we

did not assess each anti-VEGF regimen separately, and thus, the

different efficacy between each agent may not have been accounted.

Fourth, in our study, despite the odds of gaining BCVA ≥10 letters

trended toward the OCT predictive value of CMT reduction, no

OCT biomarkers showed significant predictive value for good

BCVA response at 4 months. We found that the OCT predictive

value of CMT reduction cannot fully translate into the change of

VA, which was consistent with the study of a post hoc analysis of the

protocol T randomized clinical trial (40). They found changes in

CMT appear to account for only a small proportion of the total

variation in changes in BCVA, and concluded that changes in CMT

cannot support as a surrogate for changes in VA in evaluating anti-

VEGF for DME. Despite these limitations, an important strength of
FIGURE 4

Forest plot of baseline predictors of CMT reduction <10%, using generalized estimate equation model. CMT, central macular thickness; ONL, outer
nuclear layer; IS-OS, inner segment-outer segment; HRF, hyperreflective foci; ERM, epiretinal membrane; SRD, serous retinal detachment.
*Statistically significant at p<0.05.
TABLE 5 Analysis for mean change of subfoveal serous retinal detachment (mm) at 4 months.

N Mean SD MD 95%CI P-value

SRD (baseline)
32

207.06 139.37
-188.69 -248.43, -128.95 <0.001

SRD (at 4 months) 18.38 51.90
CI, confidence interval; MD, mean difference; SD, standard deviation; SRD, serous retinal detachment.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1108097
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Hsieh et al. 10.3389/fendo.2023.1108097
our study is that we included various common OCT markers in

patients with DME, which yielded ample information and helped us

tailor timely and individualized treatment during daily practice.

In conclusion, partial IS-OS continuity is the marker that

predicts better response to anti-VEGF treatment in eyes with

DME. In contrast, the presence of ERM is a significant predictor

of poor response. Our results raise the pertinent issue that DME

patients with ERM are significant poor responders to anti-VEGF

therapy and may benefit more from other therapeutic approaches.
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Shandong University, Jinan, China, 4Department of Nursing, Qilu Hospital, Cheeloo College of
Medicine, Shandong University, Jinan, China, 5Department of Neurosurgery, The First Affiliated Hospital of
Shandong First Medical University & Shandong Provincial Qianfoshan Hospital, Jinan, China
Objective: To evaluate the efficacy and safety of combined traditional Chinese

medicine in the adjuvant treatment of proliferative diabetic retinopathy (PDR)

by Meta-analysis.

Methods: PubMed, Embase, Web of Science, Cochrane Library, China National

Knowledge Infrastructure (CNKI), Wanfang databases were searched by computer.

Random controlled clinical trials (RCTS) using traditional Chinese medicine as

adjuvant therapy for proliferative diabetic retinopathy were screened, and Stata16.0

software was used to perform meta-analysis on the final included literatures.

Results: A total of 18 studies involving 1392 patients were included. Meta-analysis

showed that the clinical effective rate OR=2.99 (CI: 2.18-4.10, I2 = 42.7%, P<0.05);

Visual acuity MD=0.10(CI: 0.06-0.13, I2 = 0%, P<0.05); Fundus efficacy OR=5.47 (CI:

1.33-22.51, I2 = 71.4%, P<0.05); Neovascularisation regression rate OR=8 (CI: 3.83-

16.71, I2 = 30.1%, P<0.05); Macular foveal thickness MD=-44.24 (CI: -84.55–3.93,

I2 = 95.6%, P<0.05); Absorption of vitreous hemorrhage OR=4.7 (CI: 2.26-9.77,

I2 =0%, P<0.05); Fasting blood glucoseMD=-0.23, (CI: -0.38–0.07, I2 =0%, P<0.05);

2h postprandial blood glucoseMD=-0.19 (CI: -0.52-0.14, I2 = 0%, P=0.25). From the

results, the combined Chinese medicine adjuvant therapy showed better efficacy

than the control group. A total of 69 kinds of traditional Chinese medicine were

involved in 18 studies, among which the top four applied frequencies were Panax

notoginseng, Rehmannia rehmannii, Astragalus membranaceus and Poria cocos.

Most of the medicines were sweet and bitter in taste, the qi tended to be slight cold

and cold, and the meridian tropism belongs to the liver meridian.

Conclusion: The combination of traditional Chinese medicine adjuvant therapy

has a good curative effect on PDR patients. However, the relevant clinical trials

are few and more high-quality clinical trials are still needed, what’s more the

attention should be paid to the exploration of its safety.

KEYWORDS

traditional Chinese medicine, proliferative diabetic retinopathy, meta analysis, diabetic
complications, Chinese medicinal herb
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1 Introduction

Diabetic retinopathy (DR) is one of the most common clinical

complications of diabetes mellitus (DM). Of the 537 million

diabetic patients worldwide, DR accounts for about 22.27% and

has become the leading cause of blindness in middle-aged and older

adults (1). As a disease with a large potential patient population base

and a high probability of blindness and disability, DR brings serious

life hindrances and mental suffering to patients while adding heavy

economic pressure and burden to society. As the world’s largest

diabetes population, China has a staggering 140.9 million people

with diabetes, with the number of diabetic retinopathy patients

estimated to be between 34 and 53 million (2). The search for

clinical drugs that can effectively treat diabetic retinopathy is an

urgent problem worldwide, especially in China.

Chinese medicine has been handed down in China for

thousands of years. A large amount of research evidence shows

that it has excellent therapeutic effects on diabetes and its

complications by reducing blood glucose, lipid profile and

improving other metabolic indicators (3). At the same time, many

studies have also proved that Chinese herbal therapy has a better

intervention effect on DR (4, 5). In China’s extensive clinical

practice, not only traditional Chinese medicine practitioners

commonly utilize herbal remedies to treat DR, while Western

medical practitioners also frequently incorporate certain Chinese

patent medicines to complement their treatment regimens for DR.

However, it is worth noting that DR can be divided into two

types: Non-proliferative diabetic retinopathy (NPDR) and

Proliferative diabetic retinopathy (PDR) based on the presence of

neovascularization, and the two have distinct pathological features

(6). Currently, research on TCM treatment for DR in China focuses

mostly on the NPDR stage, where clinical manifestations include

blood stasis lesions such as retinal microaneurysms and venous

beading, and herbal remedies are often used to improve retinal

microcirculation, with their efficacy widely recognized (7).

However, the effectiveness and safety of TCM treatment for PDR,

in which new blood vessels grow in the retina, are still debated. High-

level research evidence is urgently needed to determine whether TCM

treatment can help improve clinical symptoms in PDR patients and

whether it is safe to use in this stage. To this end, we conducted this

study with the aim of addressing this controversy. Additionally, to

better guide the selection and subsequent research of TCM

treatments, we summarized the frequency, four natures and five

flavors, and meridian tropism of the herbal medicines included in the

studies, aiming to explore the laws of TCM treatment for PDR.
2 Methods

2.1 Literature search

This study searched PubMed, Web of Science, Cochrane

Library, Embase database, China Knowledge Network, Wanfang

to include randomized clinical controlled trials of combination

treatment of PDR with Chinese herbs since the establishment of

the database until October 8, 2022.
Frontiers in Endocrinology 02203
2.2 Inclusion criteria
(1) Study type: a randomized controlled trial of Chinese herbal

medicine for treating PDR, language not limited.

(2) Study subjects: all included cases must meet the

pathological diagnostic criteria for PDR.

(3) Interventions: The interventions in the control group can

be conventional Western medical treatment, such as drugs,

photocoagulation or surgery, or blank; the interventions in

the trial group should be based on conventional Western

medical treatment combined with the use of Chinese herbal

medicine as an adjunct, which can be herbal medicine,

compound prescriptions, Chinese patent medicines,

injections, ion introduction.

(4) Outcome indicators: Assess post-treatment outcomes

involving at least one clinical efficacy, visual acuity, blood

glucose, fundus efficacy, regression of neovascularisation,

macular central recess thickness, and absorption of vitreous

blood accumulation.
2.3 Exclusion criteria
(1) Type of literature is a review, animal test, or another non-

clinical trial article.

(2) Non-simultaneous randomized controlled clinical trials,

lack of randomization of groupings.

(3) The treatment method does not include herbal medicine as

an adjunctive treatment.

(4) Lack of observation on relevant indicators.

(5) Inappropriate statistical methods or severe errors in the

data.
2.4 Data extraction

Two researchers (Baogeng Huai and Baosha Huai)

independently screened the literature according to the above

criteria using EndNote X9 software, cross-checked, and

controversial literature was decided by a third party (Changling

Li) in consultation. Judgments were made based on whether the

study population belonged to PDR patients, whether the

intervention method involved TCM treatment, and whether there

were any logical loopholes or data errors in the research. An Excel

sheet was used to prepare an information extraction form based on

the study content, and the data were extracted as follows.
(1) Basic information about the literature: first author, date of

publication.

(2) Trial subjects: sample size of the trial and control groups.

(3) Interventions: type, dosage form, a dose of Chinese herbal

medicine and control drugs, and duration of intervention.

(4) Outcome indicators: clinical efficacy, visual acuity, fundus

efficacy criteria, neovascularization regression rate, central

macular recess thickness.
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2.5 Evaluation of literature quality
and risk of bias

The risk of bias assessment tool of the Cochrane Systematic

Reviews was used to evaluate the included studies, including

randomization, allocation concealment, whether blinding was

used, completeness of outcome indicators, whether study results

were reported selectively, and other biases. The evaluation results

were categorized into three risk levels: “high risk,” “low risk,”

and “uncertain.”
2.6 Statistical methods

The study was analyzed using Stata16.0 software. The mean

difference (MD) was selected for the analysis of the effect of

measures, and the odds ratio (OR) was selected as the effect size

for dichotomous variables, both using a 95% confidence interval

(CI). P-values and I2 were calculated to determine whether

heterogeneity existed among the included studies, and if

heterogeneity was observed (P<0.05, or I2>50%), a random-effects

model was selected; if no heterogeneity was observed (P>0.05, and

I2≤50%), a fixed-effects model was selected. a = 0.05 was used as the

meta-analysis test level. Publication bias was evaluated using the

funnel plot, Begg’s test, and Egger’s test.
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3 Results

3.1 Basic process for inclusion in
the literature

As of October 2022, a total of 547 studies in the literature that

could be potentially relevant were retrieved. After title and abstract

screening, 47 articles were reviewed in total, and 18 RCT studies (8–

25) were finally included for Meta-analysis based on the inclusion

criteria (Figure 1). There are 1392 patients altogether in the sample

size of the 18 studies. The intervention group and the control group

had equivalent pre-treatment data (Table 1).
3.2 Evaluation of the quality of the
included literature

The 18 pieces of literature were divided into six items to explore

the quality of the studies. All 18 papers were organized for

randomized sequence generation using the randomized order

principle. 11 datasets (9–11, 13–16, 19, 20, 23, 25) used either the

random number table or the coin flip method, so the bias judgment

was assessed as low risk. Only one study (10) used a single-blind

design, and the remaining studies did not involve blinding, so the

risk of bias was assessed as high. While the remaining four were not

mentioned. (There was no mention of concealment of assignment

order, insufficient result data, selective reporting, or other biases.)
FIGURE 1

Flow chart of literature retrieval.
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TABLE 1 Basic information about the included literature.

Study Average Age Treatment
Group

Control
Group

Intervention Treatment
Duration

Outcomes

Treatment
Group

Control
Group

Male Female Male Female Treatment
Group

Control
Group

Lv
2017

51.2 ± 12.3
50.9 ±
11.4

– – – – DaMing Decoction
Calcium
Dobesilate

12 W 3

Fan
2016

64.3 ± 10.3
65.4 ±
11.2

16 14 15 15
Compound

XueShuanTong Capsule
Diabetic Basal
Treatment

12W 3, 5

Sun
2016

– – – – – –
HuaYuMingMu

Decoction
Calcium
Dobesilate

24 W 1, 2

Li 2016 41.55 ± 6.51
40.57 ±
6.48

22 21 20 22
Photocoagulation+
Lycium Rehmannia

Pills
Photocoagulation 12 W 1, 2, 7

Ji 2010 – – – – – –
TangWangZengShi

Decoction
Basal Treatment 24 W 1

Niu
2010

55.97 ± 6.35
56.82 ±
7.56

8 8 9 7 DaMing Decoction
Calcium
Dobesilate

4 W 1,2,3

Han
2019

54.57 ± 11.47
51.13 ±
11.84

8 9 9 6 SanQi Powder Basal Treatment 2 W 6

Yuan
2012

– – – – – –

Photocoagulation
+Discriminated
Chinese Medicne

Photocoagulation 8 W 1

Teng
2012

– – – – – –
Argon Laser+ DaMing

Decoction
Argon Laser 8 W 1, 3

Di
2007

58.6 61.2 18 32 16 15
Photocoagulation

+ZiYinLiangXueSanYu
Decoction

Photocoagulation 48 W 4

Wang
2012

55.47 ± 8.74
56.1 ±
8.89

18 12 19 11

Photocoagulation+
Lycium Rehmannia
Pills+ XueSaiTong

capsule

Photocoagulation 12 W 1, 2, 7

Zhang
2019

61.5 ± 4.6
60.7 ±
4.4

27 23 28 22

Calcium Dobesilate+
Photocoagulation+
HuoXueMingMu

Tablets

Calcium
Dobesilate+

Photocoagulation
12~24 W 1, 4

Wang
2020

58.24 ± 4.88
59.33 ±
5.04

59 41 60 40
Discriminated Chinese

Medicne
Basal Treatment 24 W 1, 4

Li 2015 58.5 60.1 10 8 9 9
Chinese Medicine Ion

Introduction
Iodized Lecithin

Tablets
4 W 6

Wu
2017

56.45 ± 7.28
55.89 ±
8.34

20 21 22 19
Chinese Medicine Ion

Introduction
Iodized Lecithin

Tablets
4 W 6

Sha
2019

47.1 ± 7.8
48.1 ±
6.9

17 18 15 20

Minimally Invasive
Vitrectomy+

ZiYinHuaYuTongLuo
Prescription

Minimally
Invasive

Vitrectomy
4 W 5

Ma
2016

– – – – – –

Modified
BuYangHuanWu

Decoction

Calcium
Dobesilate

24 W 1

Zhao
2021

53.7 ± 6.7
54.5 ±
7.1

27 15 25 17

Ranibizumab
Combined with PPV

+Five Ling Powder and
Ba Zhen Decoction

Ranibizumab
Combined with

PPV
12 W 1, 5
F
rontiers in
 Endocrinology
 04205
Clinical Efficacy; 2. Visual Acuity Level; 3. Fundus Efficacy; 4. Neovascularisation Regression Rate; 5. Macular Central Recess Thickness; 6. Absorption of Vitreous Hemorrhage; 7. Absorption of
Vitreous Hemorrhage; "-" indicates that the data was not mentioned in the included study.
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3.3 Results of meta-analysis

3.3.1 Clinical efficacy
A total of 9 articles (10–13, 15, 18–20, 25) reported the clinical

efficacy of combined herbal treatments for patients with PDR,

including 827 patients. The meta results showed that combined

herbal treatments effectively improved the clinical outcomes of

patients with PDR (9 studies, 827 patients, OR=2.99, CI: 2.18-

4.10, I2 = 42.7%, P<0.05) (Figure 2).

3.3.2 Visual acuity level
A total of 3 articles (11, 13, 18) reported the effect of combined

herbal treatment on visual acuity in patients with PDR. 177 patients

were included, and the meta results showed that combined herbal

treatment could improve the visual acuity level of patients to some

extent (3 studies, 177 patients, MD=0.10, CI: 0.06-0.13, I2 = 0%,

P<0.05) (Figure 3).

3.3.3 Fundus efficacy
A total of 3 articles (8, 9, 13) reported the fundus efficacy of

combined herbal treatment in patients with PDR. 202 patients were
Frontiers in Endocrinology 05206
included, and the meta results showed that combined herbal

treatment significantly improved the fundus efficacy in patients

with PDR (3 studies, 202 patients, OR=5.47, CI: 1.33-22.51,

I2 = 71.4%, p<0.05) (Figure 4).
3.3.4 Neovascularisation regression rate
A total of 4 articles (17–20) reported the effect of herbal

combination therapy on the regression of neovascularisation. 424

patients were included and the meta results showed that herbal

combination therapy was effective in helping the regression of

retinal neovascularisation in patients with PDR (4 studies, 424

cases, OR=8, CI: 3.83-16.71, I2 = 30.1%, P<0.05) (Figure 5).
3.3.5 Macular central recess thickness
A total of 3 articles (9, 23, 25) reported on the effect of herbal

combination therapy on macular central recess thickness, including

214 patients, and the meta results showed that herbal combination

therapy was effective in reducing macular central recess thickness in

patients with PDR (3 studies, 214 patients, MD=-44.24, CI:-84.55–

3.93, I2 = 95.6%, p<0.05) (Figure 6).
FIGURE 2

Forest plot of clinical efficacy.
FIGURE 3

Forest plot of visual acuity level.
FIGURE 4

Forest plot of fundus efficacy.
FIGURE 5

Forest plot of neovascularisation regression rate.
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3.3.6 Absorption of vitreous hemorrhage
A total of 3 articles (14, 21, 22) reported the effect of herbal

combination therapy on vitreous blood accumulation in patients

with PDR. 183 patients were included and the meta results showed

that herbal combination therapy was effective in helping vitreous

blood accumulation absorption in patients with PDR (3 studies, 183

cases, OR=4.7, CI: 2.26-9.77, I2 = 0%, P<0.05) (Figure 7).

3.3.7 Fasting blood glucose and postprandial 2h
blood glucose levels

A total of 2 articles (11, 18) reported the effect of herbal

combination therapy on fasting blood glucose and postprandial

2h blood glucose in patients with PDR. 145 patients were included,

and the meta results showed that herbal combination therapy was

effective in reducing fasting blood glucose in patients with PDR (2

studies, 145 patients, fasting blood glucose: MD=-0.23, CI: -0.38-

0.07, I2 = 0%. P<0.05; postprandial 2h glucose, MD=-0.19, CI: -0.52-

0.14, I2 = 0%, P=0.25) (Figures 8, 9).
3.4 Publication bias

The clinical efficiency was tested for publication bias. The

funnel plot showed that the symmetry was acceptable.
Frontiers in Endocrinology 06207
Further quantitative analysis was performed using Begg ‘s

and Egger ‘s tests. The results showed that there was no

publication bias in the outcome index (P = 0.251, P = 0.112,

respectively) (Figure 10).
3.5 Inclusion of Chinese herbal medicines

In all 18 studies, a total of 69 herbal medicines were applied.

After counting the frequency of repetition, it was found that the top

four herbal medicines in terms of frequency were Panax

notoginseng, Rehmanniae Radix, Astragali Radix and Poria, with

their efficacy categories of resolving blood stasis and stopping

bleeding, clearing heat and cooling the blood, tonifying

Qi, promoting water retention and reducing swelling,

respectively (Table 2).
3.6 Analysis of the odour and meridian
orientation of the included herbs

By analysing the nature, taste and meridian orientation

information of the 69 herbs intervening in the PDR, the results

showed that sweet and bitter herbs accounted for the highest
FIGURE 8

Forest plot of fasting blood glucose levels.

FIGURE 6

Forest plot of macular central recess thickness.
FIGURE 7

Forest plot of absorption of vitreous hemorrhage.

FIGURE 9

Forest plot of postprandial 2h blood glucose levels.
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frequency, with the two together accounting for 68.47%; most herbs

were on the cold side. In terms of meridian orientation, herbs

belonging to the liver meridian accounted for the highest

proportion of the 69 species, at 69.57%, which may be related to

the theory that the liver opening into the eye in traditional Chinese

medicine thinking (Table 3) (Figure 11).
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4 Discussion

4.1 Summary of main results

Our study included a total of 18 research articles, involving

1,392 patients with PDR. The results show that TCM therapy as an

adjunctive treatment effectively improves the clinical outcome and

visual acuity of PDR patients and the extent of their fundus lesions.
FIGURE 10

The funnel plot of clinical efficacy.
TABLE 2 Top 10 Chinese Medicines in Frequency.

Herbs Frequency Main Efficacy

Panax Notoginseng 12 Blood Hemostasis

Rehmanniae Radix 10 Heat and Cool Blood

Astragali Radix 9 Energen-Invigorating

Poria 9 Anti-Water Swelling

Alismatis Rhizoma 6 Anti-Water Swelling

Typhae Pollen 6 Blood Hemostasis

Lycii Fructus 6 Invigorating Yin

Salviae Miltiorrhizae Radix Et Rhizoma 6 Activating Blood

Chrysanthemi Flos 5 Diverging Wind Heat

Angelicae Sinensis Radix 5 Hematic
TABLE 3 Odor and Taste Analysis.

Taste Frequency Proportion (%) Nature Frequency Proportion
(%)

Sweet 39 35.14 Slight cold 17 26.15

Bitter 37 33.33 Cold 16 24.62

Acrid 17 15.32 Balanced 13 20

Salty 10 9.01 Warm 10 15.38

Sour 4 3.6 Cool 5 7.69

Light 2 1.8 Slight warm 4 6.15

Astringent 2 1.8 Hot 0 0
FIGURE 11

Rose diagram of herbal meridian analysis.
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It also has multiple therapeutic effects, such as lowering blood

glucose, promoting capillary regression, and accelerating absorption

of vitreous hemorrhage, which has multiple positive clinical

implications for PDR. The results of publication bias test showed

that there was no publication bias in the main indicator, which

proved that the results were reliable.
4.2 Advantages and limitations of research

The main advantage of this meta-analysis is that it is the first

systematic evaluation of the effectiveness of traditional Chinese

medicine (TCM) in treating PDR, which preliminary answer the

controversial issue of whether TCM is appropriate for PDR

treatment. This is of great significance for guiding clinical PDR

treatment. Throughout the study, we strictly followed the

systematic review method, included almost all relevant and

standard RCT studies available online, and the conclusions drawn

were comprehensive and robust. Additionally, we conducted bias

tests to confirm the reliability of our findings.

However, our study also has some limitations. Firstly, only one

of the included studies mentioned the absence of complications and

adverse reactions, while the remaining studies did not explore the

safety of Chinese herbal medicine in treating PDR. Moreover, most

of the studies did not use allocation concealment and blinding

methods, nor did they design a placebo group, which may lead to

bias in the study results. Finally, as all the literature included in our

study came from China, the results we obtained may be more

applicable to Chinese PDR patients, and whether TCM is effective

for PDR patients in other countries still requires further research.
4.3 Analysis of Chinese herbal medicine

The study counted the Chinese medicines used in each study,

and the results showed that the top four in terms of replication rate

were Panax notoginseng, Rehmanniae Radix, Astragali Radix, and

Poria. Panax notoginseng, the root and rhizome of Panax

notoginseng, is usually used as a powder in amounts of 1.5-6 g. It

is considered by Chinese medicine practitioners to be a critical

medicine in the treatment of blood disorders, with the

characteristics of “stopping bleeding and activating blood,

stopping bleeding without leaving stasis.” Studies have shown that

Panax notoginseng can effectively increase the concentration of

thrombin and the number of platelets to shorten the clotting time

and play a hemostatic role (26). Panax notoginseng contains various

types of compounds such as cyclic terpenes and their glycosides,

phenolic compounds, sugars, amino acids, and organic acids. These

drugs have a variety of pharmacological effects including anti-

ageing, hypoglycaemic, anti-inflammatory and immune system

boosting (27).

There are relatively few studies on treating DR and PDR with

Rehmanniae Radix. However, interestingly, a study from China

showed that when the cases of effective treatment of diabetic

retinopathy with Chinese herbs in the Chinese Journal Full Text

Database (CNKI) were aggregated, Rehmanniae Radix ranked first
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in the frequency of administration, with 48 times (28), suggesting

that Rehmanniae Radix has excellent potential for the treatment of

DR and PDR. Its specific mechanisms need to be further explored.

Astragalus is the dried root of Astragalus mongolica or Astragalus

membranaceus, a leguminous plant, first published in Shen nong

Ben Cao Jing and used medicinally in China for more than 2,000

years. It is a sacred tonic for the qi and is one of the most widely

used Chinese herbs in China today. Studies have shown that the

main anti-diabetic chemicals contained in Astragalus are astragalus

polysaccharides, astragalosides, and astragalus flavonoids (29).

These drug components can alleviate structural damage and

apoptosis of retinal cells caused by the high glucose environment

through multiple mechanisms such as hypoglycaemia, anti-

oxidative stress, increased free radical scavenging activity, anti-

inflammatory response, and inhibition of endoplasmic reticulum

stress (30–32). Poria cocos, the dried nucleus of a porous fungus, is

a particular herbal medicine that can be used for both medicinal and

food purposes. In ancient times, Chinese medicine practitioners

believed that regular Poria cocos could strengthen the spleen,

promote hydration, tonify the qi and calm the mind, and prolong

life, placing it alongside nine other drugs such as ginseng and

Ganoderma lucidum as “immortal herbs”. However, there are

relatively few records and studies on the use of Poria as a

treatment for DR. It ranks highly among the therapeutic drugs

for PDR due to its unique effect of promoting the body’s water

metabolism (33). In addition to retinal microaneurysms,

haemorrhages, and neovascularization, DR often results in

diabetic macular oedema (DME) due to the disruption of the

blood-retinal barrier and altered hemodynamics, causing

extracellular fluid accumulation (34). PDR patients whose disease

has progressed to the late stages of DR are usually associated with

severe DME with exudative symptoms. Unfortunately, similar to

Rehmanniae Radix, there is almost a gap in research exploring Poria

alone for treating DME. However, a computer search of the Chinese

Journal Full Text Database (CNKI) and Wanfang database for

clinical cases related to the treatment of macular oedema ranked

Poria first with a frequency of 60 recurrences (35), suggesting that

TCM community generally recognizes the efficacy of Poria in the

treatment of DME. At the same time, its specific mechanism of

action needs to be further explored.
5 Conclusion

In summary, our study preliminarily proved that Chinese

herbal medicine can effectively improve the clinical outcomes,

visual acuity, and degree of retinopathy in patients with

proliferative diabetic retinopathy (PDR), as well as reducing blood

glucose levels, aiding capillary regression, and alleviating vitreous

hemorrhage. These conclusions have significant implications for

resolving controversies surrounding the application of traditional

Chinese medicine (TCM) in the field of PDR. In addition, data

mining of herbal medicines included in the literature reveals that

researchers prefer to use herbs with sweet or bitter taste and slight

cold or cold properties that belong to the liver meridian to treat

PDR. In future studies, we need a larger sample of high-quality,
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multi-centre RCT studies to provide evidence for treating PDR with

Chinese herbs. These studies should also focus on exploring safety.
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Introduction: Diabetic retinopathy (DR) is one of the most common and

destructive microvascular complications of DM, and has become a major cause of

irreversible visual impairment. The purpose of this studywas to evaluate the changes

in fundus microcirculation in non-diabetic retinopathy (NDR) and mild non-

proliferative diabetic retinopathy (NPDR) in patients with type 2 diabetic mellitus

(T2DM) using widefield swept-source optical coherence tomography angiography

(WSSOCTA), and to investigate the correlation with laboratory indices of T2DM.

Methods: Eighty nine, 58 and 28 eyes were included in the NDR, NPDR and

Control groups, respectively, were enrolled in this study. The 12mm×12mm fundus

images obtained by WSS-OCTA were divided into 9 regions (supratemporal, ST;

temporal, T; inferotemporal, IT; superior, S; central macular area, C; inferior, I;

supranasal, SN; nasal, N; inferonasal, IN) to evaluate changes in vessel density (VD)

of the superficial capillary plexus (SCP), deep capillary plexus (DCP),

choriocapillaris, and mid-large choroidal vessel (MLCV), as well as changes in

inner retinal thickness (IRT), outer retinal thickness (ORT), and choroidal thickness

(CT). Results: Compared with control group, MLCV VD (I, N, IN) was significantly

decreased in NDR group, SCP VD (IT, C, I) and DCP VD (T, IT, I) were significantly

decreased in NPDR group. In NPDR group, DCP VD (IT) was significantly decreased

compared with that in NDR group. Compared with control group, CT (ST, T, IT, S,

SN, IN) was significantly declined in NDR group, and IRT (ST, IT) and ORT (ST, N)

were significantly increased in NPDR group. In NPDR group, IRT (ST) andORT (T, S)

were significantly increased compared with NDR group. Correlation analysis

showed that age, body mass index, fasting blood glucose, fasting insulin, fasting

C-peptide, and estimated glomerular filtration rate in T2DM patients were

statistically correlated with retinal and choroidal thickness/VD.

Discussion: Structural and blood flow changes in the choroid occur before the

onset of DR and precede changes in the retinal microcirculation, and MLCV

thickness/VD is a more sensitive imaging biomarker for the clinical detection of

DR. WSS-OCTA enables large-scale non-invasive visual screening and follow-up

of the retinal and choroidal vasculature in DR patients, providing a new strategy

for the prevention and monitoring of DR in patients with T2DM.

KEYWORDS

type 2 diabetes mellitus, early-diabetic retinopathy, widefield swept-source optical
coherence tomography angiography, mid-large choroidal vessel, physiological indices,
midperipheral fundus
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Introduction

Diabetes mellitus (DM), a metabolic disease characterized by

chronic elevated blood glucose levels, can cause progressive damage

to microvasculature, large vessels and nerves throughout the body

(1, 2). Diabetic retinopathy (DR) is one of the most common and

destructive microvascular complications of DM, and has become

a major cause of irreversible visual impairment (3–5). Clinically,

DR can be divided into two main stages: non-proliferative

diabetic retinopathy (NPDR) and proliferative diabetic retinopathy

(PDR). Damage to the retinal capillaries worsens as the disease

progresses (6).

DM-induced vascular dysfunction eventually leads to tissue

injury and degeneration, and thus the retinal changes in DR have

always been of interest. It seems logical to conclude that DM also

affects the choroidal vasculature (7). Retinal capillary abnormalities

can be detected in many ways, but few detection devices can directly

quantify the status of the mid-large choroidal vasculature (MLCV).

Previous studies have used pulsatile ocular blood flow (POBF),

choroidal vascularity index (CVI), and other indirect indicators of

choroidal blood flow (8, 9). However, studies on MLCV in DR

patients are still limited. Therefore, to investigate the relationship

between choroidal blood flow changes and DR, an ancillary test that

is non-invasive, visual, and directly measures choroidal perfusion

may be helpful.

As an imaging technique with the advantages of speed, safety,

high resolution and non-invasiveness, optical coherence

tomography angiography (OCTA) has been widely used in

clinical practice in recent years. It has a built-in quantitative

analysis index to measure vessel morphology and density (10, 11).

In addition, swept-source OCTA (SS-OCTA) can scan and generate

12mm×12mm images of the superficial, deep and choroidal retinal

capillary layers, allowing perfusion studies of the choroidal matrix

and lumen (12, 13). This study directly quantifies MLCV using

widefield SS-OCTA (WSS-OCTA). With its unique built-in

algorithm, WSS-OCTA has the ability to evaluate fundus

abnormalities over a larger area, which may provide new insight

into DR by correlating the vascular arc region in the central and

mid-peripheral fundus.

PDR with severe visual impairment has generally received more

attention from researchers than NPDR, which has seen little

intervention. Recent studies have shown that about 50% of people

with DM have mild visual problems (14). A more in-depth study of

the fundus of diabetic patients is essential to monitor preclinical and

early DR. Previous studies of DR using OCTA were limited to a

3mm×3mm or 6mm×6mm fundus area. However, most of the

histopathologic changes in diabetic chorioretinopathy (DC) were

found in the midperipheral area (7), so there was an urgent need to

study DR on a larger scale (15–17). By performing thickness/vessel

density (VD) analyses with a scan area of 12mm×12mm, we

systematically described the circulatory and structural

characteristics of the central and midperipheral retina and

choroid in preclinical/early-stage DR. On this basis, the

correlation between VD/thickness of each fundus layer and

clinical-physiological indices in T2DM patients was also
Frontiers in Endocrinology 02213
investigated. The aim of this study is to detect fundus changes

and damage in T2DM patients earlier and to provide guidance for

clinical prevention and monitoring.
Materials and methods

Study participants

According to the diagnostic criteria of T2DM in the Clinical

guidelines for prevention and treatment of type 2 diabetes mellitus in

the elderly in China (2022 edition) (18), 93 patients with T2DMand 20

healthy subjects of similar age were enrolled in Qilu Hospital of

Shandong University from November 2021 to March 2022. All

subjects underwent comprehensive ophthalmologic examinations,

including best corrected visual acuity (BCVA), axial length (AL),

spherical equivalent, intraocular pressure (IOP), slit lamp, high

resolution optical coherence tomography (OCT), fundus color

photography and WSS-OCTA. And we collected subjects’

demographic data (sex, age, body mass index (BMI), history of

T2DM) and clinical laboratory indices (fasting blood glucose, FBG;

fasting insulin, FINS; fasting C-peptide, FCP; glycosylated hemoglobin

type A1c, HbA1c; estimated glomerular filtration rate, eGFR).

Inclusion criteria for subjects were as follows: 1) age ≥ 18 years

old; 2) BCVA ≥ z1.0log-MAR, spherical equivalent ≤ ± 1.50D, IOP

≤ 21.00 mmHg; 3) clear optical media. Exclusion criteria were as

follows: 1) AL ≥ 26mm or AL ≤ 21mm; 2) ocular trauma or ocular

surgery; 3) treatment history of panretinal laser photocoagulation

or anti-vascular endothelial growth factor therapy; 4) ocular

complications, such as keratitis, conjunctivitis, glaucoma, vitreous

opacity, retinal detachment, macular edema, anterior macular

membrane, pigmented retinitis, retinal arteriovenous occlusion

and etc.; 5) the low quality of binocular WSS-OCTA image and

the patients with poor compliance; 6) medication history of

anticoagulant, lipid-lowering and antioxidant drugs; 7) infectious

diseases; 8) pregnant. According to the Clinical Practice Guidelines

on the Management of Nonproliferative and Proliferative Diabetic

Retinopathy without Diabetic Macular Edema proposed by the

American Society of Retina Specialists in 2020 (19), the patients

with T2DMwere divided into NDR group and NPDR group. Due to

the inconsistency of binocular clinical manifestations in some

individuals with T2DM, we only included eyes with more severe

clinical diagnosis in these individuals. Finally, 89, 58 and 28 eyes

were included in the NDR, NPDR and control groups, respectively.

Written informed consent was obtained before examinations

(version 1.0 dint 20210605001). This study adhered to the tenets

of the Declaration of Helsinki and was approved by the Ethics

Committee of Qilu Hospital (KYLL-202111-024-1).
WSS-OCTA device parameters and
observation indicators

The WSS-OCTA device (YG100K Yalkaid, TowardPi Medical

Technology Co., Ltd., Beijing, China) uses a wide-field laser source
frontiersin.org
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for imaging with a scan frequency of 100 kHz, a depth of 6 mm, an

area of 24 mm × 20 mm, and an image resolution of 3.8

mm (Figure 1A).

The device has real-time high-frequency eye-tracking

technology and motion correction algorithms to avoid image

artifacts caused by eye movements. Scanning the fundus in B-

scan mode, we selected images in the range of 12 mm × 12 mm area

(Figure 1B), and the device automatically identified four vascular

layers (Figures 1C–F), including the SCP from the internal limiting

membrane (ILM) to 9 mm above the inner plexiform layer (IPL), the

DCP from the interface of 9 mm above the IPL to 9mm below the

outer plexiform layer (OPL), the CC 29 mm below the Bruch’s

membrane (BM), and the MLCV 29 mm beneath the BM to the

choroid-sclera interface (CSI) (Figures 1G–J). VD, the ratio of the

vascularized area to the total image area, was automatically

quantified by a high-order moment amplitude decorrelation

angiography algorithm. And from the 24 mm × 20 mm area of

the Enface images (Figure 2A), the 12 mm × 12 mm area was

selected for thickness analysis (Figure 2B). The built-in software

automatically generated topographic maps of the thickness of the

inner retinal layer (IRL), the outer retinal layer (ORL) and the

choroidal layer (Figures 2C–E). The inner retinal thickness (IRT) is

the distance from the ILM to the IPL, the outer retinal thickness

(ORT) is the distance from the IPL to the BM, and the choroidal

thickness (CT) is the distance from the BM to the CSI

(Figures 2F–H).

The 12mm × 12mm images of each layer of the fundus were

automatically divided into nine 4mm × 4mm regions:

supratemporal (ST), temporal (T), inferotemporal (IT), superior

(S), central macular area (C), inferior (I), supranasal (SN), nasal

(N), inferonasal (IN). The VD/thickness of each region at each layer

was quantified. Each eye was scanned twice and the results were

averaged. All WSS-OCTA examinations were performed by one

trained operator.
Frontiers in Endocrinology 03214
Statistical analysis

In this study, we mainly used binocular data, which do not satisfy

the assumption of data independence due to the existence of

hierarchical structure in individuals, eye categories, layers and

regions, and the strong correlation of binocular data in the same

individual. Therefore, we used a generalized linear mixed-effects

model for the between-group variability analysis of retinal and

choroidal thickness/VD data. This analysis was performed using

the lmer and glmmTMB functions in R. Statistical significance was

considered at P<0.05. Analysis of the correlation between laboratory

indices and fundus indicators in T2DM subjects was performed by a

linear mixed-effects model, and this analysis was implemented by the

glmer function in R. Statistical significance was considered at P<0.05.
Results

Demographics characteristics and clinical
laboratory indices

Demographic and laboratory characteristics of the study

population are shown in Table 1. A total of 175 eyes were included

in our study; 89, 58 and 28 eyes were included in the NDR, NPDR,

and control groups, respectively. There were no significant differences

in age, BMI and FCP among the three groups. Compared with the

control group, the NDR and NPDR groups showed statistically

significant differences in FBG, FINS, HbA1c and eGFR.
Thickness analysis of retina and choroid

In the total area of 12mm×12mm fundus, there was no

significant difference in IRT and ORT among the three groups
FIGURE 1

Quantification of vessel density in each vascular layer of the fundus by WSS-OCTA. Taking the right fundus vascular image obtained by WSS-OCTA
in the 24 mm × 20 mm region as an example (A), we selected the binarized images of the fundus in the 12mm×12mm area for VD quantitative
analysis, and divided them by the built-in software into nine 4mm×4mm regions (ST, T, IT, S, C, I, SN, N, and IN (B)). Each cross-sectional image
obtained by WSS-OCTA scanning was automatically sectioned by the built-in software into four vascular layers, namely, SCP, DCP, CC, and MLCV
(C–F), and divided into the above nine 4mm×4mm regions, the VD of each region in each vascular layer was quantified. (G–J) are imaging
tomography at the level of the macular fovea; the areas within the green line (a–d) are SCP (C), DCP (D), CC (E), and MLCV (F), respectively. VD,
vessel density; ST, supratemporal; T, temporal; IT, inferotemporal; S, superior; C, central macular area; I, inferior; SN, supranasal; N, nasal; IN,
inferonasal; SCP, superficial capillary plexus; DCP, deep capillary plexus; CC, choriocapillary; MLCV, mid-to-large choroidal vessel.
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(Figures 3A, B). And compared with the control group, a

significant decrease in CT was observed in the NDR group

(Figure 3C). Further analysis showed that there was no

significant difference in IRT and ORT between the control and

NDR groups in all 4mm×4mm regions. However, IRT was

significantly increased in ST and IT regions in the NPDR group

compared to the control group (Figure 3A). ORT in NPDR group

was significantly increased in ST and N regions compared with

control (Figure 3B). Furthermore, the NPDR group showed

significantly increased IRT in ST region, ORT in T and S

regions compared to the NDR group (Figures 3A, B).

Compared with the control group, CT in ST, T, IT, S, I, SN,

and IN regions was significantly decreased in the NDR group, and

CT in IN region was significantly decreased in the NPDR group

(Figure 3C). Details of thickness changes in each area of each

group are shown in Table 2; Figure 4.
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VD analysis of retina and choroid

In the total area of 12mm×12mm fundus, the VD of SCP

and DCP in NPDR group was significantly lower than that in

control group (Figures 5A, B). In addition, decreased VD of MLCV

was observed in the NDR group compared with control

group (Figure 5D).

In all 4mm×4mm regions, VD of SCP and DCP was not

significantly different in the NDR group compared with the

control group. Compared with the control group, the VD of IT,

C, I regions in SCP and T, IT, I regions in DCP were significantly

reduced in the NPDR group (Figures 5A, B). In addition, VD in the

IT region of the DCP was significantly declined in NPDR group

compared to the NDR group.

There was no significant difference in VD of the CC layer

between the three groups (Figure 5C).
TABLE 1 Demographics characteristics and clinical physiological indexes of each group.

Control NDR NPDR P1 P2 P3

Patients (male) 20 (9) 53 (28) 40 (24) / / /

Eyes 28 89 58 / / /

Age (years) 59.70 ± 6.95 58.55 ± 10.38 58.00 ± 10.15 0.80 0.97 0.85

BMI (kg/m2) 24.90 ± 2.93 25.63 ± 3.71 25.99 ± 3.25 0.45 0.21 0.48

FBG (mmol/L) 5.00 ± 0.66 8.58 ± 3.04 9.24 ± 3.30 <0.01** <0.01** 0.94

FINS (m IU/mL) 5.16 ± 2.84 14.49 ± 14.61 15.75 ± 13.98 <0.01** <0.01** 0.93

FCP (ng/mL) 1.28 ± 0.96 1.24 ± 0.91 1.20 ± 0.80 0.69 0.67 0.48

HbA1c (%) 5.98 ± 0.60 8.83 ± 1.83 8.69 ± 1.53 <0.01** <0.01** 0.31

eGFR (mL/min/1.73m2) 95.31 ± 15.16 115.55 ± 44.43 109.75 ± 31.01 <0.01** 0.02* 0.97
frontiers
Statistically significant values are shown with */**P<0.05 is marked by *P<0.01 is marked by **P1: Control vs. NDR; P2: Control vs. NPDR; P3: NDR vs. NPDR.
Control, healthy subjects; NDR, non-diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; FBG, fasting blood-glucose; FINS, fasting insulin; FCP, fasting C-peptide; HbA1c,
glycosylated hemoglobin type A1c; eGFR, estimated glomerular filtration rate.
FIGURE 2

Quantification of thickness in each layer of the fundus by WSS-OCTA. WSS-OCTA can scan fundus images in the range of 24mm×20mm (A). In this study,
fundus image data in the range of 12mm×12mm were selected for quantitative thickness analysis (B). Each cross-sectional image obtained by WSS-OCTA
scanning was automatically sectioned by the built-in software into three thickness topographic maps, namely, IRL, ORL and choroid (C–E), each image is
divided by the built-in software into nine regions, namely, ST, S, SN, T, C, N, IT, I, and IN regions. The thickness of each region in each layer is quantified.
(F–H) are the imaging tomography at the level of the macular fovea, where the distance between the green lines in (a–c) indicate the IRT, ORT, and CT,
respectively. IRL, inner retinal layer; ORL outer retinal layer; ST, supratemporal; T, temporal; IT, inferotemporal; S, superior; C, central macular area; I, inferior;
SN, supranasal; N, nasal; IN, inferonasal; IRT, inner retinal thickness; ORT, outer retinal thickness; CT, choroidal thickness.
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TABLE 2 Thickness differences of fundus in each layer and region between groups.

Layer Region Control NDR NPDR P1 P2 P3

IRT

Total 92.00 ± 30.97 92.75 ± 28.48 95.32 ± 27.91 0.691 0.174 0.191

ST 61.71 ± 6.13 62.92 ± 7.24 68.22 ± 9.12 0.337 0.001** 0.000**

S 96.86 ± 9.93 97.90 ± 12.07 101.33 ± 13.75 0.525 0.197 0.217

SN 109.61 ± 12.17 111.04 ± 14.94 113.50 ± 15.75 0.736 0.934 0.518

T 68.36 ± 7.77 69.38 ± 7.14 72.47 ± 10.03 0.348 0.057 0.137

C 119.43 ± 36.51 116.88 ± 10.98 118.12 ± 12.02 0.601 0.817 0.845

N 145.04 ± 15.71 145.29 ± 16.28 144.29 ± 16.65 0.889 0.760 0.477

IT 60.50 ± 4.93 62.17 ± 5.64 64.83 ± 8.87 0.198 0.015* 0.090

I 87.79 ± 8.92 89.27 ± 8.31 91.91 ± 13.18 0.438 0.113 0.181

IN 78.75 ± 9.25 79.87 ± 9.44 83.22 ± 9.81 0.202 0.298 0.114

ORT

Total 187.15 ± 17.12 187.08 ± 16.64 190.94 ± 17.40 0.893 0.116 0.312

ST 184.46 ± 9.69 186.69 ± 9.39 189.22 ± 8.75 0.275 0.048* 0.103

S 187.04 ± 7.87 186.11 ± 8.83 190.7 ± 29.95 0.867 0.051 0.048*

SN 187.93 ± 8.11 188.93 ± 8.89 192.93 ± 11.03 0.424 0.063 0.090

T 191.32 ± 11.31 190.62 ± 10.53 197.07 ± 11.73 0.868 0.058 0.014*

C 217.75 ± 11.32 217.03 ± 10.85 220.95 ± 11.36 0.835 0.550 0.547

N 193.82 ± 8.08 196.25 ± 11.64 199.83 ± 14.14 0.368 0.043* 0.131

IT 175.93 ± 15.88 175.78 ± 9.54 178.10 ± 9.02 0.852 0.495 0.208

I 172.32 ± 13.24 170.62 ± 8.72 173.88 ± 9.22 0.544 0.896 0.277

IN 173.75 ± 12.89 171.71 ± 9.38 175.72 ± 9.71 0.359 0.935 0.166

CT

Total 241.04 ± 96.81 207.81 ± 90.36 214.84 ± 75.26 0.015* 0.084 0.365

ST 274.07 ± 68.13 237.02 ± 75.85 249.26 ± 63.45 0.032* 0.118 0.433

S 294.93 ± 71.99 255.15 ± 92.76 270.05 ± 66.82 0.026* 0.192 0.252

SN 240.79 ± 80.01 197.96 ± 87.52 208.00 ± 59.45 0.008** 0.113 0.158

T 248.14 ± 85.95 213.47 ± 77.05 217.90 ± 61.80 0.040* 0.088 0.809

C 281.89 ± 94.50 255.64 ± 98.00 269.69 ± 78.26 0.094 0.357 0.406

N 178.00 ± 95.57 154.53 ± 83.20 160.69 ± 64.81 0.085 0.219 0.675

(Continued)
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FIGURE 3

Thickness of retina and choroid in nine 4mm×4mm regions. IRT (A), ORT (B) and CT (C) are quantified and compared between groups. Statistically
significant values are indicated with *, *P< 0.05, **P< 0.01. Control, healthy subjects; NDR, non-diabetic retinopathy; NPDR, non-proliferative
diabetic retinopathy; IRT, inner retinal thickness; ORT, outer retinal thickness; CT, choroidal thickness.
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Compared to the control group, VD in MLCV layer was

significantly decreased in the I, N, and IN regions in the NDR

group, but did not differ in all regions in the NPDR group

(Figure 5D). Details of VD changes in each area of each group

are shown in Table 3 and Figure 4.
Correlation analysis between laboratory
indexes and thickness/VD in T2DM patients

We analyzed the correlations between thickness in each region

at each layer of the fundus and laboratory indices in patients with

T2DM. FBG was positively correlated with ORT in Total, ST, T, SN,

and N regions. BMI had positive correlation with ORT in Total, ST,

S, C, SN, and IN regions, as well as CT in ST region. eGFR was

positively related with IRT in Total, S, C, and I regions, as well as CT

in Total, I, N and IN regions. In addition, we found that age was

negatively correlated with the thickness of all regions in each layer.
Frontiers in Endocrinology 06217
FINS was related with CT of the Total area negatively. And FCP and

HbA1c were not correlated with the thickness of each area of each

layer. See Table 4 for details.

The correlations between VD in different regions of each layer

and laboratory indices in T2DM patients were also analyzed. FBG

was negatively correlated with VD of Total, S, SN, and N regions in

DCP layer. BMI was related with VD of the C region in MLCV layer

positively, but had negative relationship with VD of ST, S, and SN

regions in SCP layer, Total, ST, S, and SN regions in DCP layer, and

VD of S region in CC layer. eGFR was negatively correlated with

VD of both N region in DCP layer and ST region in MLCV layer.

FINS was positively correlated with VD of N region in SCP layer

and negatively correlated with VD of regions containing I in DCP

layer, ST in CC layer and S in MLCV layer. VD of SN in SCP layer,

Total, ST, S and SN in DCP layer, S and SN in CC layer had negative

relationship with FCP. Age was negatively correlated with VD of

most regions in MLCV layer, while HbA1c was not related with VD

in each region of each layer. See Table 5 for details.
FIGURE 4

Summary of VD/thickness differences in 9 regions of each layer of retina and choroid. Regions with decreased VD are indicated by the green boxes.
NPDR vs. control: SCP VD in C, I, and IT regions, DCP VD in T, I, and IT regions decreased in the NPDR group. NDR vs. control: MLCV VD decreased
in N, IN, and I regions in the NDR group. The IT region where DCP VD was decreased in the NPDR group compared to the NDR group is shown in
the green box in (a). Regions of increased thickness are indicated by the red boxes. NPDR vs. control: IRT in ST and IT regions, ORT in N and ST
regions increased in NPDR group. NPDR vs NDR: ORT in S (b) and T (c) regions increased in the NPDR group. Regions with decreased thickness are
indicated by the black boxes, which CT decreased in ST, T, IT, S, SN, and IN regions decreased in the NDR group and IN regions decreased in the
NPDR group compared to control. Control, healthy subjects; NDR, non-diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; VD,
vessel density; SCP, superficial capillary plexus; DCP, deep capillary plexus; CC, choriocapillaris; MLCV, mid-to-large choroidal vessel; IRL, inner rtinal
layer, ORL, outer retinal layer, IRT, inner retinal thickness; ORT, outer retinal thickness; CT, choroidal thickness, ST, supratemporal; T, temporal; IT,
inferotemporal; S, superior; C, central macular area; I, inferior; SN, supranasal; N, nasal; IN, inferonasal.
TABLE 2 Continued

Layer Region Control NDR NPDR P1 P2 P3

IT 243.86 ± 99.50 213.66 ± 74.18 214.12 ± 58.45 0.049* 0.131 0.644

I 238.11 ± 97.68 210.08 ± 77.94 212.45 ± 53.54 0.032* 0.083 0.791

IN 169.57 ± 103.18 132.80 ± 63.21 131.45 ± 42.81 0.009** 0.025* 0.694
frontie
Statistically significant values are shown with */**P<0.05 is marked by* P<0.01 is marked by**. P1:Control vs. NDR; P2:Control vs. NPDR; P3:NDR vs. NPDR. Control, healthy subjects; NDR,
non-diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; IRT, inner retinal thickness; ORT, outer retinal thickness; CT, choroidal thickness; ST, supratemporal; T, temporal; IT,
inferotemporal; S, superior; C, central macular area; I, inferior; SN, supranasal; N, nasal; IN, inferonasal.
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TABLE 3 VD differences of fundus in each layer and region between groups.

Layer Region Control NDR NPDR P1 P2 P3

SCP

Total 40.41 ± 8.03 39.60 ± 8.14 39.08 ± 8.06 0.181 0.037* 0.600

ST 30.50 ± 7.63 29.73 ± 8.12 29.19 ± 6.91 0.591 0.465 0.724

S 41.54 ± 6.65 40.65 ± 5.74 40.31 ± 5.69 0.727 0.576 0.809

SN 38.21 ± 9.34 39.83 ± 6.78 39.97 ± 7.50 0.254 0.283 0.952

T 35.71 ± 6.15 34.63 ± 7.03 32.93 ± 5.34 0.427 0.069 0.187

C 43.00 ± 2.93 41.33 ± 4.30 40.55 ± 4.41 0.092 0.023* 0.434

N 49.18 ± 2.72 49.09 ± 4.18 49.02 ± 3.17 0.895 0.845 0.869

IT 37.61 ± 6.83 36.13 ± 6.93 34.05 ± 6.35 0.355 0.031* 0.085

I 46.54 ± 4.31 44.87 ± 4.77 44.34 ± 5.27 0.121 0.044* 0.573

IN 41.39 ± 4.94 40.13 ± 6.49 41.33 ± 5.34 0.287 0.939 0.208

DCP

Total 40.39 ± 9.79 39.24 ± 9.39 37.63 ± 9.32 0.428 0.045* 0.142

ST 33.32 ± 9.45 32.60 ± 8.85 30.84 ± 9.54 0.746 0.207 0.191

S 39.75 ± 9.59 38.39 ± 9.07 36.93 ± 9.94 0.647 0.329 0.497

SN 30.29 ± 12.26 31.93 ± 10.23 30.43 ± 10.12 0.372 0.794 0.347

T 40.43 ± 8.94 39.21 ± 7.98 36.67 ± 7.74 0.587 0.036* 0.080

C 46.64 ± 6.34 45.35 ± 6.12 43.84 ± 6.16 0.393 0.108 0.271

N 41.68 ± 3.94 41.03 ± 6.90 41.09 ± 5.66 0.589 0.726 0.765

IT 41.25 ± 8.94 39.34 ± 8.68 35.98 ± 8.18 0.390 0.022* 0.034*

I 48.14 ± 6.37 45.12 ± 7.40 43.07 ± 8.19 0.070 0.003** 0.136

IN 42.04 ± 6.06 40.21 ± 9.03 39.79 ± 6.91 0.227 0.208 0.755

(Continued)
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FIGURE 5

VD of retina and choroid in nine 4mm×4mm regions. SCP VD (A), DCP VD (B), CC VD (C) and MLCV VD (D) are quantified and compared between
groups. Statistically significant values are indicated with *, *P< 0.05, **P< 0.01. Control, healthy subjects; NDR, non-diabetic retinopathy; NPDR, non-
proliferative diabetic retinopathy, VD, vessel density; SCP, superficial capillary plexus; DCP, deep capillary plexus; CC, choriocapillaris; MLCV, mid-to-
large choroidal vessel.
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TABLE 3 Continued

Layer Region Control NDR NPDR P1 P2 P3

CC

Total 58.06 ± 6.15 57.83 ± 5.71 57.70 ± 6.37 0.653 0.527 0.737

ST 52.86 ± 6.28 53.06 ± 6.59 53.03 ± 7.20 0.843 0.943 0.870

S 54.39 ± 5.59 54.60 ± 4.98 53.98 ± 6.01 0.737 0.927 0.599

SN 53.75 ± 9.16 56.00 ± 5.28 55.47 ± 7.02 0.451 0.869 0.627

T 60.64 ± 3.53 60.06 ± 3.48 60.47 ± 5.70 0.561 0.587 0.955

C 58.04 ± 2.74 57.61 ± 6.81 57.45 ± 4.22 0.674 0.786 0.775

N 59.00 ± 2.61 58.89 ± 3.11 58.64 ± 3.14 0.854 0.702 0.971

IT 58.61 ± 5.92 57.66 ± 5.61 57.57 ± 6.34 0.462 0.438 0.913

I 62.11 ± 3.38 60.46 ± 4.08 60.53 ± 5.20 0.071 0.098 0.861

IN 63.11 ± 3.34 61.12 ± 3.96 62.19 ± 5.21 0.637 0.992 0.815

MLCV

Total 56.73 ± 2.31 55.48 ± 4.44 56.12 ± 2.95 0.018* 0.158 0.342

ST 57.14 ± 1.48 56.20 ± 2.23 56.64 ± 1.51 0.051 0.239 0.361

S 57.07 ± 1.41 56.65 ± 1.45 56.40 ± 2.71 0.332 0.152 0.228

SN 57.00 ± 1.59 55.72 ± 3.73 56.81 ± 1.76 0.123 0.602 0.208

T 56.75 ± 2.01 55.73 ± 3.24 56.26 ± 1.93 0.105 0.361 0.545

C 56.96 ± 1.69 56.62 ± 1.43 56.59 ± 1.62 0.326 0.469 0.406

N 53.71 ± 3.61 51.17 ± 6.50 51.98 ± 4.22 0.047* 0.190 0.601

IT 57.43 ± 1.73 56.76 ± 2.40 57.26 ± 1.54 0.133 0.496 0.363

I 58.29 ± 1.33 57.43 ± 1.85 57.72 ± 1.29 0.017* 0.100 0.665

IN 56.25 ± 2.25 53.01 ± 7.75 55.41 ± 3.96 0.045* 0.441 0.064
F
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Statistically significant values are shown with */**P<0.05 is marked by *P<0.01 is marked by **P1: Control vs. NDR; P2: Control vs. NPDR; P3: NDR vs. NPDR. The unit of VD is percentage (%).
Control, healthy subjects; NDR, non-diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; VD, vessel density; SCP, superficial capillary plexus; DCP, deep capillary plexus; CC,
choriocapillary; MLCV, mid-to-large choroidal vessel; ST, supratemporal; T, temporal; IT, inferotemporal; S, superior; C, central macular area; I, inferior; SN, supranasal; N, nasal; IN, inferonasal.
TABLE 4 Correlation analysis between thickness and clinical physiological indexes in T2DM.

Layer Region
Age BMI FBG FINS FCP HbA1c eGFR

ES P ES P ES P ES P ES P ES P ES P

IRT

Total -.263 .005** -.199 .488 .212 .519 -.060 .390 -.471 .695 .572 .358 .068 .008**

ST -.119 .125 .187 .400 .220 .393 -.002 .978 .033 .969 .451 .354 .028 .163

T -.097 .228 .245 .280 .257 .984 -.034 .559 .004 .996 .163 .742 .028 .179

IT -.103 .082 -.008 .961 .296 .111 .021 .635 -.374 .574 .482 .482 .028 .075

S -.359 .002** .453 .178 .380 .328 -.121 .157 .660 .639 .802 .275 .079 .010**

C -.298 .005** .533 .077 .463 .178 -.065 .401 .510 .684 .796 .223 .093 .001**

I -.261 .003** .166 .528 .233 .448 -.011 .866 .200 .860 .365 .533 .059 .012*

SN -.364 .009** .255 .529 .186 .692 -.195 .055 -1.453 .396 .453 .609 .055 .137

N -.575 .000** .063 .886 .450 .366 -.141 .202 -1.264 .493 .909 .336 .121 .002**

IN -.111 .245 .209 .436 .133 .665 .051 .457 -.157 .888 .719 .214 .036 .146

ORT
Total -.244 .000** .519 .004 .593 .003** -.074 .089 .832 .276 .048 .903 .020 .219

ST -.290 .000** .608 .012 .598 .034* -.067 .285 1.648 .116 .204 .705 .014 .545

(Continued)
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Discussion

DR is one of the most common and damaging microvascular

complications of diabetes and a common eye disease leading to

blindness, that will eventually develop in almost all patients with

diabetes (20). Previous studies have shown that the fundus changes

in DR and DC occur first in the midperipheral region (7, 21).

Therefore, in this study, 12 mm×12 mm midperipheral fundus

images were scanned by WSS-OCTA and the changes in fundus

thickness/VD in preclinical and early DR and their correlation with

laboratory indices were investigated by quantitative data.

Traditional OCTA is insensitive to imaging blood flow in the

choroidal Sattler and Haller layers. TowardPi has a broader scanning

range and has developed a three-dimensional spatial recognition

algorithm, which identifies OCT signals with differences between

large vessels and the stroma by a threshold segmentation algorithm,

and then achieved the morphological reconstruction of MLCV (22).

As it is supplemented with various signal enhancement and pseudo-

signal elimination techniques, the retinal vessels cast less shadow,

which in turn results in clearer MLCV layer images and more stable

data. Compared with the control group, the decrease in MLCV VD in

the NDR group was present in the N, IN, and I regions of the

midperiphery of the fundus, whereas no significant difference in

MLCV VD was observed in the patients of the NPDR group. Tan

et al. showed that the CVI was significantly lower in NDR group than
Frontiers in Endocrinology 09220
that in control group, which is consistent with the results of the

present study, suggesting that the choroidal VD in T2DM patients was

reduced before the onset of DR (23). The retinal vasculature lacks

autonomic innervation, whereas the choroidal circulation is

innervated by sympathetic and parasympathetic nerves (24, 25). We

speculate that the decrease in choroidal blood flow in NDR patients

may be due to diabetes-induced neurological disorders and

vasculopathy, or both. Although choroidal blood flow was

normalized in patients with mild NPDR with their own

neuromodulation, this does not mean that the choroidal vasculature

is not pathologically altered. Improving choroidal blood flow and its

adaptive regulation may be a viable therapeutic strategy (26).

Grunwald et al. showed that hemodynamic changes were an

early marker of diabetic retinopathy (27). We found that SCP VD

(IT, C, I) and DCP VD (T, IT,I) was significantly decreased in the

NPDR group compared with the control group, which is consistent

with the results of previous studies (27). Of particular note are the

IT and I regions, where superficial and deep retinal VD co-varies,

and which may be the regions primarily affected in retinal lesions. A

study showed that in the peripheral region of the diabetic cohort

fundus, the temporal area of the SCP had the lowest perfusion and

the inferior sector of the DCP had less perfusion, which may be

related to the presence of the temporal watershed of the major

temporal vascular arcades (28). In the clinical practice of

performing fluorescein fundus angiography, we found that the
TABLE 4 Continued

Layer Region
Age BMI FBG FINS FCP HbA1c eGFR

ES P ES P ES P ES P ES P ES P ES P

T -.295 .007** .578 .065 .836 .020* -.073 .363 1.830 .171 .664 .332 .028 .331

IT -.126 .207 .317 .250 .535 .078 -.047 .515 -1.083 .340 .451 .395 .039 .139

S -.177 .070 .582 .026 .388 .187 -.119 .076 1.264 .244 -.266 .640 .010 .699

C -.170 .142 .738 .015 .266 .427 -.034 .666 1.670 .184 -.214 .745 .036 .236

I -.224 .009** .299 .220 .342 .221 -.084 .178 -.413 .691 .186 .727 .044 .049

SN -.240 .011* .671 .012 .745 .015* -.093 .175 .371 .749 .427 .471 .013 .610

N -.261 .015* .481 .124 1.326 .000** -.117 .146 .679 .617 1.037 .141 .030 .292

IN -.252 .008** .610 .022 .460 .130 -.037 .592 -.170 .881 .316 .588 .030 .236

CT

Total -3.060 .000** 2.403 .079 .381 .803 -.646 .023* 9.162 .095 .576 .833 .454 .000**

ST -2.486 .000** 3.767 .041* 1.492 .486 .100 .835 13.483 .087 -.345 .932 -.053 .762

T -2.187 .001** 2.170 .258 .341 .877 -.311 .528 11.195 .166 .728 .862 .124 .491

IT -1.869 .007** 2.547 .180 -.539 .797 -.736 .142 3.596 .646 -3.351 .360 .097 .602

S -3.338 .000** 2.895 .188 .264 .917 -.199 .726 9.647 .301 -1.152 .820 .133 .523

C -3.146 .000** .743 .716 -1.063 .703 -.546 .380 9.808 .340 1.625 .759 .365 .107

I -3.061 .000** 2.871 .117 1.402 .506 -.264 .578 9.198 .238 2.766 .490 .406 .018

SN -2.327 .001** 3.709 .074 -1.950 .414 -.190 .723 14.913 .090 -1.512 .740 .210 .286

N -1.916 .008** .853 .678 -2.228 .343 -.472 .370 12.394 .153 1.881 .674 .422 .026

IN -1.811 .000** 1.781 .230 -2.069 .226 -.174 .647 6.891 .277 .598 .584 .349 .010
frontie
Statistically significant values are shown with */**P<0.05 is marked by *P<0.01 is marked by **. ES: effect size (um). FBG, fasting blood-glucose; FINS, fasting insulin; FCP, fasting C-peptide;
HbA1c, glycosylated hemoglobin type A1c; eGFR, estimated glomerular filtration rate; IRT, inner retinal thickness; ORT, outer retinal thickness; CT, choroidal thickness.
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TABLE 5 Correlation analysis between VD and clinical physiological indexes in T2DM.

Layer Region
Age BMI FBG FINS FCP HbA1c eGFR

ES P ES P ES P ES P ES P ES P ES P

SCP

Total -.007 .853 -.193 .087 -.123 .332 -.015 .554 -.756 .101 -.103 .663 .008 .438

ST .012 .844 -.508 .003** -.320 .144 -.062 .157 -1.615 .033* -.446 .258 .021 .170

T .069 .167 -.073 .615 -.151 .378 .027 .459 -.405 .529 -.062 .853 .000 .975

IT -.019 .703 .046 .751 -.041 .800 -.007 .860 .780 .211 -.205 .474 .001 .946

S -.001 .988 -.391 .004** -.195 .233 -.047 .185 -1.729 .004 .098 .753 .014 .281

C .038 .307 -.044 .681 -.127 .309 -.005 .856 -.451 .329 .029 .902 -.010 .318

I -.053 .228 -.002 .986 .020 .892 -.051 .108 -.364 .504 -.111 .693 .003 .821

SN .027 .625 -.498 .002** -.291 .119 -.017 .668 -1.642 .018* -.026 .943 .009 .522

N .026 .379 -.039 .654 -.040 .695 .052 .015* -.125 .741 .104 .595 -.005 .541

IN -.052 .264 .207 .131 .211 .190 -.012 .735 .172 .776 .213 .497 -.007 .583

DCP

Total .017 .694 -.279 .021* -.327 .017* -.026 .354 -1.196 .017* -.109 .669 .002 .835

ST -.007 .921 -.515 .012* -.411 .089 -.093 .075 -2.001 .027* -.266 .573 .025 .188

T -.001 .990 -.041 .818 -.186 .380 .011 .813 -.593 .454 .263 .522 .010 .555

IT -.082 .248 .093 .641 -.120 .593 -.030 .569 1.112 .191 -.194 .622 .001 .947

S .054 .507 -.631 .007** -.538 .048* -.038 .520 -2.521 .011* -.092 .860 .001 .955

C -.038 .473 -.153 .315 -.280 .115 -.019 .628 -.697 .291 .218 .522 -.001 .943

I .007 .920 -.163 .432 -.211 .373 -.109 .031 -.770 .376 -.522 .243 -.011 .548

SN .109 .167 -.685 .003** -.582 .030* .022 .706 -2.221 .027* -.125 .812 -.002 .910

N .152 .113 -.184 .234 -.406 .024* .045 .256 -.555 .411 -.429 .218 -.030 .028*

IN -.057 .375 .155 .405 .134 .540 -.064 .177 .118 .886 -.165 .698 -.015 .361

CC

Total -.041 .132 -.052 .512 .009 .921 -.024 .193 -.071 .827 -.006 .969 .009 .208

ST -.053 .358 -.261 .111 -.201 .303 -.100 .015* -.835 .248 -.304 .417 .021 .167

T -.104 .014* .191 .113 .135 .341 .026 .407 .678 .190 .306 .253 .015 .170

IT -.091 .037* .136 .275 .169 .225 .019 .555 1.210 .240 .239 .335 .018 .132

S .047 .315 -.316 .017* -.217 .166 -.027 .435 -1.149 .047* -.078 .796 -.003 .805

C -.024 .721 -.153 .537 -.230 .246 -.038 .402 1.092 .137 -.601 .118 -.024 .165

I -.004 .919 -.074 .511 -.035 .788 -.026 .358 -.109 .824 -.286 .252 .004 .705

SN .052 .284 -.380 .005 -.234 .151 -.016 .654 -1.534 .010** .226 .479 -.004 .776

N .013 .613 -.066 .384 .058 .517 .028 .140 -.323 .328 .030 .860 -.008 .275

IN -.020 .572 .170 .092 .244 .369 -.010 .710 .572 .199 .014 .950 -.007 .474

MLCV

Total -.037 .000** .029 .552 -.050 .368 -.009 .445 .168 .404 .012 .904 .004 .374

ST -.033 .056 .031 .526 .029 .621 -.011 .370 .048 .823 -.158 .151 -.009 .046*

T -.080 .000** .035 .617 .066 .419 -.003 .881 .183 .544 -.081 .603 -.002 .717

IT -.058 .001** .035 .477 -.034 .538 -.017 .178 .279 .177 -.087 .366 -.003 .539

S -.027 .096 .001 .982 -.009 .869 -.026 .028* -.027 .899 .134 .217 .003 .428

C -.032 .012* .088 .015* .016 .718 -.012 .214 .296 .063 .059 .479 -.003 .389

I -.027 .048* .040 .329 -.001 .985 -.008 .440 .004 .982 -.029 .747 -.003 .435

SN -.064 .027* .026 .784 -.080 .390 -.005 .826 .318 .356 .039 .825 .004 .583

(Continued)
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infra-temporal retinal artery was the first to fill and the last to

empty, which corresponds to the IT and I areas in this study.

Therefore, we hypothesize that hyperglycemia may cause the

inferior temporal retinal artery to be the first to decrease

in perfusion.

In addition, we did not find a decrease in VD of SCP or DCP in

the NDR group, nor did the VD of CC appear statistically different

between groups. However, Cao and colleagues reported that they

found changes in SCP, DCP, and CC within a 6-mm × 6-mm area

centered on the orbit in NDR patients, which contributed to the

detection of preclinical DR (29). Another study found that the VD of

the SCP was significantly higher in the NDR group than that in

control group (30). Results that are inconsistent with previous studies

need to be confirmed in further scientific studies in the future.

In the present study, IRT (ST, IT) and ORT (ST, N) were found

increased in the NPDR group compared with controls. Hirotaka

et al. found that the retinal capillary perfusion zone (PA-NPDR)

was significantly thicker in DR compared with that in non-diabetic

retinopathy perfusion zone (PA-NDR), which may be due to

leakage of vascular tissue in retinal layers (31). In addition,

significantly reduced CT was observed in seven mid-peripheral

regions (ST, T, IT, S, I, SN, IN) in NDR patients, but most of these

regions were not significantly different in the NPDR group

compared with the normal group. A cross-sectional study of 100

NDR eyes by Gupta et al. showed a significant reduction in CT in

the central fovea and peripheral area of the macula compared to

controls, which is consistent with our findings (32). CT changes

may be associated with MLCV filling. As choroidal vasodilation and

leakage lead to tissue edema, vascular stiffness increases (33), which

may explain the CT rebound in the NPDR group.

We performed a correlation analysis between thickness/VD and

laboratory indices. FBG was positively correlated with ORT of the

mid-peripheral regions and negatively correlated with VD of part

regions in the DCP layer. A number of reports suggested that FBG is

an independent risk factor for the occurrence of DR (34). Elevated

FBG in diabetic patients increases hemoglobin glycosylation and

increased glycosylation of hemoglobin increases its affinity for

oxygen, therefore, preventing its release at the tissue inducing

hypoxia and oxidative stress (OS), which further leads to a

decrease in VD (35).

In patients with T2DM, BMI was positively correlated with

ORT and CT in some regions, and negatively correlated with VD in

mid-peripheral regions in all layers. Hammes et al. found a

significantly increased risk of retinopathy in the obese subgroup

by univariate analysis (36). Another study similarly showed a higher
Frontiers in Endocrinology 11222
incidence of ocular complications in T2DM patients with higher

BMI (37). These studies support our results. Therefore, controlling

BMI of T2DM patients to normal levels is important to protect

retinal structure and blood flow.

In the present study, eGFR was positively correlated with IRT

and CT in some regions, and negatively correlated with VD of DCP

andMLCV layers in mid-peripheral regions. However, some studies

had shown that the occurrence of DR is associated with a decrease

in eGFR, which might be that a large numbers of severe NPDR or

PDR patients were included in their studies (38, 39). Another study

showed an increased trend of eGFR in patients with early T2DM

(40), which is consistent with the trend of our research. In the early

stage of diabetes, glomerular perfusion pressure increases with the

dilatation of renal afferent glomerular arterioles, resulting in the

decrease of creatinine and the increase of eGFR. We hypothesized

that the increased renal blood may affect the distribution of blood

throughout the body and lead to the decrease of blood in the fundus,

which may be one of the reasons for the decrease of fundus VD.

The research is limited in several ways: 1) This study collected

outpatients and inpatients with T2DM, most of whom were

between 40 and 60 years old, hence there was a lack of

observation of younger or older diabetics. Small sample size and

single-center study design were also limitations. 2) We gathered

binocular data from several participants. And generalized linear

mixed model was used to diminish the binocular interaction.

Subsequent prospective studies with strictly monocular data could

further validate our results. 3) No abnormalities were found in the

central macular area and no further partitioning study was

conducted. This study focused on the midperipheral fundus.
Conclusion

Structural and blood flow changes in the choroid appear before

the onset of DR and precede changes in the retinal microcirculation,

and MLCV thickness/VD is a more sensitive imaging biomarker for

clinical detection of DR. Choriocapillaris are not affected in

preclinical DR and early DR, therefore more attention could be

paid to the MLCV. FBG, BMI and eGFR levels have relationship

with thickness/VD in fundus of T2DM patients, which may be

associated with the occurrence and development of DR. WSS-

OCTA enables large-scale non-invasive visual screening and

follow-up of the retinal and choroidal vasculature in DR patients,

which provides a new strategy for the prevention and monitoring of

DR in patients with T2DM.
TABLE 5 Continued

Layer Region
Age BMI FBG FINS FCP HbA1c eGFR

ES P ES P ES P ES P ES P ES P ES P

N -.166 .000** .056 .695 -.205 .219 .004 .918 1.133 .063 .240 .450 .014 .273

IN -.237 .000** .081 .645 -.150 .450 -.008 .850 .707 .340 .299 .432 .029 .075
frontier
Statistically significant values are shown with */**P<0.05 is marked by *P<0.01 is marked by **. ES: effect size (%). FBG, fasting blood-glucose; FINS, fasting insulin; FCP, fasting C-peptide;
HbA1c, glycosylated hemoglobin type A1c; eGFR, estimated glomerular filtration rate; VD, vessel density; SCP, superficial capillary plexus; DCP, deep capillary plexus; CC, choriocapillaris;
MLCV, mid-to-large choroidal vessel.
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Medical Sciences, Beijing, China, 2Key Laboratory of Ocular Fundus Disease, Chinese Academy of
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Laboratory, Peking Union Medical College Hospital, Chinese Academy of Medical Sciences,
Beijing, China
Purpose: To assess the optimal time of intravitreal conbercept (IVC) treatment

prior to pars plana vitrectomy (PPV) in patients with severe proliferative diabetic

retinopathy (PDR).

Method: This study was exploratory in nature. Forty-eight consecutive patients

(48 eyes) with PDRwere divided into four groups according to different IVC times

(0.5 mg/0.05 mL) before PPV: group A (3 days), group B (7 days), group C (14

days), and group D (non-IVC). Intraoperative and postoperative effectiveness

were assessed, and vitreous VEGF concentrations were detected.

Result: For intraoperative effectiveness, groups A and D had a higher incidence of

intraoperative bleeding than groups B and C (P = 0.041). Furthermore, groups A-

C required less surgical time than group D (P < 0.05). For postoperative

effectiveness, group B had a significantly higher proportion of visual acuity that

improved or remained unchanged than group D (P = 0.014), and groups A-C had

lower proportions of postoperative bleeding than group D. The vitreous VEGF

concentration of group B (67.04 ± 47.24 pg/mL) was significantly lower than that

of group D (178.29 ± 110.50 pg/mL) (P = 0.005).

Conclusion: IVC treatment that was administered 7 days preoperatively was

associated with better effectiveness and a lower vitreous VEGF concentration

than its administration at other time points.

KEYWORDS

conbercept, proliferative diabetic retinopathy, pars plana vitrectomy, vascular
endothelial growth factor, adjuvant effect
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1 Introduction

Diabetes mellitus (DM) is a chronic, noncommunicable,

multisystem disease that has reached epidemic proportions. By

2040, the proportion of the world’s adult population with DM is

expected to increase to 10.4%, translating to 642 million patients

with diabetes (1). Diabetic retinopathy (DR) is an ocular

microvascular complication of DM, and it is the most common

cause of blindness worldwide (2). The severe stage of DR is

proliferative diabetic retinopathy (PDR), defining characteristic of

which is neovascularization, and tractional retinal detachment

(TRD) are common complications (3). Pars plana vitrectomy

(PPV) is an established management method for advanced

complications of PDR (4–6). However, intraoperative bleeding

generally occurs during epiretinal neovascular membrane peeling,

which may necessitate more surgical maneuvers, increase

instrument replacement frequency, and lengthen surgical time.

Therefore, many researchers have used anti-vascular endothelial

growth factor (VEGF) as an adjuvant treatment before PPV in

patients with severe PDR and found that it can reduce the incidence

of intraoperative bleeding and the total surgical time (7–10)

Conbercept (KH902; Chengdu Kanghong Biotech Co., Sichuan,

China) is a novel recombinant fusion protein that can specifically

bind to VEGF-A, VEGF-B, and placental growth factor (PLGF)

(11). It has been widely used in treating retinal vascular diseases,

such as neovascular age-related degeneration, diabetic macular

edema, and retinal vein occlusion (12–14). The effect of

conbercept on vitrectomy for PDR was initially reported in 2016,

when it was proposed that intravitreal conbercept injection (IVC)

before PPV could minimize the risk of intraoperative bleeding (15).

In most studies, the researchers have performed IVC 3 to 14 days

before PPV in patients with PDR, but the optimal time-point for

IVC remains controversial (8, 16–19). This lack of clarity may

decrease the effect of IVC application in some cases. Furthermore,

most studies have evaluated intraoperative and postoperative

effectiveness without investigating the mechanism at the

molecular level.

The present study was performed to compare the adjuvant effect

of IVC at different times before vitrectomy for PDR and to

determine the optimal time for injection. Furthermore, we

investigated the changes in VEGF concentration in the vitreous

humor of patients with severe PDR after IVC to better understand

the mechanisms at the molecular level.
2 Methods

2.1 Patients

This study was exploratory in nature. Forty-eight consecutive

patients (48 eyes) with PDR were diagnosed at the Peking

Union Medical College Hospital (PUMCH) Department of

Ophthalmology and assigned to four groups by sortation

randomization method. Data were collected between February

2016 and April 2022. The study was approved by the hospital’s
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institutional review board (NO. HS-1035) and complied with the

Declaration of Helsinki. The inclusion criteria were (1) aged 18

years or older; (2) diagnosed with type 2 DM; (3) diagnosed with

severe PDR (presence of VH with proliferation or TRD) and

requir ing surgica l intervent ion; and (4) pan-re t ina l

photocoagulation (PRP) was not applicable or could not be

completed because of non-absorbable VH or retinal detachment

by neovascularized fibrovascular membrane. The exclusion criteria

were (1) received an intravitreal injection of any anti-VEGF within

3 months; (2) received an intravitreal dexamethasone implant

within 6 months or an intravitreal injection of steroids within 3

months; (3) a history of vitrectomy; (4) existence of diseases other

thanDR, e.g., retinal vein occlusion and choroidal neovascularization;

(5) existence of eye infection and intraocular inflammation; or (6)

existence of severe systemic diseases, such as uncontrolled diabetes,

uncontrolled hypertension, recent myocardial infarction or cerebral

vascular accident.
2.2 Ocular examinations
and laboratory assessment

Before IVC and after PPV, all patients received comprehensive

ophthalmic examinations, including best-corrected visual acuity

(BCVA) measurement, intraocular pressure (IOP) evaluation,

anterior segment slit-lamp examination, and fundus examination.

In addition, axial length, corneal curvature, and corneal endothelial

cell count were assessed before PPV. B-scan ultrasonography was

used to observe the degree of VH, vitreous proliferation, and retinal

detachment. Fasting blood glucose (FBG) and 2-h postprandial

blood glucose (2 h-PBG) data were also collected at the time

of enrollment.
2.3 Treatment procedures

Patients were divided into four groups according to the time of

IVC (0.5 mg/0.05 mL) before PPV: group A (3 days), group B (7

days), group C (14 days), and group D (non-IVC). All the patients

signed an informed consent form prior to each IVC and PPV.

For IVC, all patients received levofloxacin eye drops four times

a day for 3 days before the injection. Following topical anesthesia

and sterilization of the operating field, a 30-gauge needle was

inserted into the superior temporal pars plana (4 mm posterior to

the limbus), and 0.5 mg (0.05 mL) of conbercept was injected. Then,

ofloxacin eye ointment was administered after the IOP returned to

normal. All patients were followed up 1 day after IVC, and

levofloxacin eye drops were applied for another 3 days.

For PPV, all surgeries were performed by the same experienced

retina surgeon (Junjie Ye) using a 23G vitrectomy system. After

vitrectomy, posterior vitreous detachment, fibrovascular membrane

delamination, and retinal photocoagulation were performed as needed.

Intraoperative hemostasis was obtained by increasing the perfusion

pressure, fluid/air exchange, or endodiathermy. Silicone oil or

perfluoropropane (C3F8) tamponade was employed when necessary.
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To ensure the comparability of all the indicators between the

groups, we used the “VH grading system” to assess the severity of

VH after IVC and the “complexity score” to evaluate the difficulty

of PPV. The grading criteria for VH were as follows: Grade 0, no

VH; Grade 1, mild VHwith visible fundus details, but with difficulty

observing the retina nerve fiber layer or small vessels; Grade 2,

moderate VH with visible optic disc and large vessels; Grade 3,

severe VH with faint fundus reflex, only optic disc visible; Grade 4,

very severe VH with no fundus reflex and no view of the fundus

(20). The complexity score was graded by quantifying (1) the

fibrovascular proliferation number (each quadrant involved

corresponds to one point); (2) the fibrovascular proliferation

location: posterior to the equator (zero points), anterior to the

equator (one point), both anterior and posterior (two points); (3)

TRD (one point), tractional rhegmatogenous retinal detachment

(two points); and (4) the absence of posterior vitreous detachment

(one point) (21).
2.4 Vitreous humor collection and testing

We collected 1.0 mL of undiluted vitreous humor at the

beginning of surgeries (cataract or PPV) into a 1.5 mL sterile

Eppendorf tube; then, it was frozen at −80°C until testing. The

vitreous humor samples were thawed at room temperature, and

VEGF was measured by an enzyme-linked immunosorbent assay

kit (R&D Systems, Minneapolis, MN, USA) according to the

manufacturer’s protocol.
2.5 Intraoperative and postoperative
effectiveness assessment

Intraoperative effectiveness was assessed using the following

parameters: intraoperative bleeding (macroscopic bleeding in the

surgery especially during the process of fibrotic membrane

dissection), hemostatic techniques (increasing the perfusion

pressure, fluid/air exchange, or endodiathermy), intraocular

tamponade (silicone oil, C3F8, or intraocular irrigation solution),

and total surgical time (the time from the first incision to the time of

final surgical closure). Additionally, BCVA, IOP, anterior

inflammation, and postoperative bleeding (including vitreous

hemorrhage, retinal hemorrhage, and early postoperative

hyphema) at 3 days after PPV were used to assess early

postoperative effectiveness.
2.6 Statistical analysis

Statistical analyses were conducted using SPSS statistical software

version 26.0 (IBM, Armonk, NY, USA). Continuous variables are

presented as the mean ± standard deviation (SD) or median (quartile

range, QR), and categorical variables are presented as numbers and

percentages. A Kolmogorov-Smirnova test was used to test the

parameter distribution. For continuous variables, the one-way
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analysis of variance or the Kruskal-Wallis test was used to compare

parameters between different groups, and the paired t-test or

nonparametric Wilcoxon signed-rank test was used to compare

parameters between the initial (before IVC) and final (3 days after

PPV) visits. In addition, Pearson’s chi-squared test or Fisher’s exact test

was performed to compare categorical variables. The differences in the

data are reported with 95% confidence intervals (CIs). A two-tailed P

value of ≤0.05 was considered statistically significant for all analyses.
3 Results

3.1 Demographics and
clinical characteristics

Forty-eight patients (48 eyes) with type 2 DM were included in

the study, of which 25 were male and 23 were female, and their

mean age was 51.5 ± 9.8 years (range, 27-69 years). The mean

duration of DM was 12.84 ± 6.58 years (range, 0.3-26 years). At the

time of enrollment, the FBG and 2 h-PBG were 7.12 ± 2.16 mmol/L

and 9.40 ± 2.76 mmol/L, respectively.

Among the 48 eyes with severe PDR, there were 26 right eyes

and 22 left eyes. The median value of BCVA was 1.85 LogMAR, and

the mean value of IOP was 14.02 mmHg. The severity of VH after

IVC was as follows: Grade 0, two eyes; Grade 1, thirteen eyes; Grade

2, five eyes; Grade 3, eleven eyes; and Grade 4, seventeen eyes. The

PPV complexity score was 5.21 ± 2.43. One eye, 1 eye, 4 eyes, and 5

eyes underwent lensectomy in groups A, B, C, and D, respectively.

There were 12 patients (12 eyes) in each group (groups A-D).

We found no statistically significant differences in age, duration of

DM, FBG, 2 h-PBG, BCVA, IOP, VH grade, or PPV complexity

score among the subgroups (Table 1).
3.2 Intraoperative effectiveness assessment

There was a statistically significant difference in the proportion

of patients who experienced intraoperative bleeding among the

subgroups (P = 0.039) (Table 2). Group A (nine eyes, 75%) and

group D (nine eyes, 75%) had a higher proportion of patients with

intraoperative bleeding than group B (four eyes, 33.33%) and group

C (three eyes, 33.33%) (P = 0.041). There was no statistically

significant difference in the utilization of different hemostatic

techniques among the subgroups (P = 0.095, 0.600, 0.737)

(Table 2). There was a statistically significant difference in the

proportion of patients who achieved spontaneous hemostasis

among the subgroups (P = 0.016) (Table 2), and more patients in

group A (six eyes, 50%) achieved spontaneous hemostasis than in

group D (0 eyes, 0%) (P = 0.014) (Table 3).

There was a statistically significant difference in the total

surgical time among the subgroups (P = 0.001) (Table 2), and

group D (87.33 ± 21.13 min) had a statistical longer total surgical

time than groups B (51.83 ± 12.63 min), and C (55.75 ± 20.00 min)

(P = 0.001, 0.005). However, there was no statistically significant

difference between groups A, B, and C (P > 0.05) (Table 4).
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TABLE 2 Intraoperative and postoperative effectiveness assessment of preoperative IVC treatment of patients with proliferative diabetic retinopathy.

Group A Group B Group C Group D F/H P -value

Intraoperative bleeding 9 (75%) 4 (33.33%) 4 (33.33%) 9 (75%) 8.392 0.039*

Hemostatic techniques

Increasing the infusion
bottle height

0 (0.00%) 2 (16.67%) 2 (16.67%) 5 (41.67%) 6.436 0.095

Fluid/air exchange 1 (8.33%) 0 (0.00%) 0 (0.00%) 2 (16.67%) 3.097 0.600

Endodiathermy 2 (16.67%) 0 (0.00%) 1 (8.33%) 2 (16.67%) 2.290 0.737

Spontaneous. hemostasis 6 (50.00%) 2 (16.67%) 1 (8.33%) 0 (0.00%) 9.537 0.016*

Intraocular tamponade

Silicon oil 8 (66.67%) 8 (66.67%) 8 (66.67%) 9 (75%) 7.024 0.057

C3F8 3 (25.00%) 0 (0.00%) 0 (0.00%) 2 (16.67%) 6.932 0.200

Intraocular irrigation 1 (8.33%) 4 (33.33%) 2 (16.67%) 3 (25.00%) 7.415 1.000

Total surgical
time (minutes)

67.5 ± 29.43 51.83 ± 12.63 55.75 ± 20.00 87.33 ± 21.13 6.518#
F

0.001*

BCVA

Improved or
remained unchanged

9 (75.00%) 12 (100.00%) 10 (83.33%) 6(50.00%) 8.845 0.031*

Decreased 3 (25.00%) 0 (0.00%) 2 (16.67%) 6 (50.00%)

IOP (mmHg) 15.25 ± 2.93 14.92 ± 4.29 16.00 ± 5.94 15.17 ± 2.86 0.148# 0.930

Intraocular inflammation 6 (50.00%) 5 (41.67%) 5 (41.67%) 5 (41.67%) 1.797 0.701

Postoperative bleeding 5 (41.67%) 5 (41.67%) 6 (50.00%) 8 (66.67%) 2.000 0.705
F
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BCVA, best corrected visual acuity. #means F value: one-way analysis of variance test, *P-value < 0.05.
TABLE 1 Demographic characteristics and initial ocular manifestations of patients with proliferative diabetic retinopathy.

Group A Group B Group C Group D F/H P -value

Ages (years) 44.50 ± 11.77 51.17 ± 10.44 54.92 ± 6.82 55.33 ± 5.65 3.704# 0.018

Gender

Male 2 (16.67%) 3 (25%) 7 (58.33%) 5 (41.67%) 5.132 0.184

Female 10 (83.33%) 9 (75%) 5 (41.67%) 7 (58.33%)

Duration of DM 11.94 ± 7.35 9.50 ± 4.62 14.67 ± 7.62 15.25 ± 5.33 2.087# 0.116

FBG (mmol/L) 5.85 (2.38) 6.65 (4.15) 7.70 (3.10) 6.90 (4.07) 3.669 0.300

2h-PBG (mmol/L) 8.86 ± 2.95 10.03 ± 2.64 10.57 ± 3.22 8.13 ± 1.60 2.050# 0.121

BCVA (LogMAR) 1.85 (1.28) 2.08 (0.45) 1.85 (0.56) 1.15 (1.0) 5.702 0.127

IOP (mmHg) 14.83 ± 3.51 13.67 ± 2.96 14.08 ± 3.37 13.51 ± 2.88 1.360# 0.715

Grading of VH

Grade 0 0 (0.00%) 1 (8.33%) 1 (8.33%) 0 (0.00%) 2.197 1.000

Grade 1 4 (33.33%) 4 (33.33%) 1 (8.33%) 4 (33.33%) 3.058 0.406

Grade 2 2 (16.67%) 0 (0.00%) 2 (16.67%) 1 (8.33%) 2.512 0.734

Grade 3 3 (25.00%) 2 (16.67%) 3 (25.00%) 3 (25.00%) 0.560 1.000

Grade 4 3 (25.00%) 5 (41.67%) 5 (41.67%) 4 (33.33%) 1.102 0.909

Complexity score
of PPV

5.17 ± 2.29 4.92 ± 2.50 5.50 ± 2.61 5.25 ± 2.60 0.111# 0.953
DM, diabetes mellitus; FBG, fasting blood-glucose; PBG, posprandial blood glucose; VH, vitreous. hemorrhage; PPV, pars plana vitrectomy. # means F value: one-way analysis of variance test, *P-
value < 0.05.
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3.3 Early postoperative
effectiveness assessment

Compared with the initial BCVAs in the patients, the

proportion of patients with a visual acuity that improved or

remained unchanged in group B was significantly higher than

those in group D (P = 0.014) (Table 4). There was no statistically

significant difference in IOP between the subgroups (P = 0.930).

Only one eye had an elevated IOP (29 mmHg) in group C, which

could be controlled by hypotensive eye drops. Although there was

no statistically significant difference in the proportion of patients

with postoperative bleeding among the subgroups (P = 0.705),

groups A, B, and C had lower proportions than group D (Table 2).
3.4 VEGF concentration in vitreous humor

The mean VEGF concentrations in the vitreous humor were 125.34

± 76.89 pg/mL, 67.04 ± 47.24 pg/mL, 93.81 ± 63.57 pg/mL, and 178.29 ±

110.50 pg/mL in groups A-D, respectively. There was a statistically

significant difference among the subgroups (P = 0.032). The VEGF

concentrations in the vitreous humor in group B were significantly lower

than those in group D (P = 0.005). However, there were no significant

differences between groups A, C, and D (P > 0.05) (Figure 1).
3.5 Adverse events

No ocular or systemic adverse events were observed after IVC

and PPV.
4 Discussion

In this study, we compared the adjuvant effect of IVC at

different times before vitrectomy for PDR and investigated the
Frontiers in Endocrinology 05229
vitreous VEGF concentrations in the patients with severe PDR. In

terms of intraoperative effectiveness, we found that group with IVC

3 days prior to vitrectomy and group with non-IVC had a higher

incidence of intraoperative bleeding than groups with IVC 7 days

and 14 days preoperatively. However, group with IVC 3 days prior

to vitrectomy had a higher proportion of patients who achieved

spontaneous hemostasis than group with non-IVC. Furthermore,

groups with 3 days, 7 days, and 14 days prior to vitrectomy required

less total surgical time than group with non-IVC. In terms of

postoperative effectiveness, group with 3 days prior to vitrectomy

had a significantly higher proportion of patients with a visual acuity

that improved or remained unchanged than group with non-IVC,

and groups with 3 days, 7 days, and 14 days prior to vitrectomy had

lower a proportion of patients who experienced postoperative

bleeding than group with non-IVC. Group with 3 days prior to

vitrectomy had a significantly lower concentration vitreous VEGF

concentration (67.04 ± 47.24 pg/mL) than group with non-IVC

(178.29 ± 110.50 pg/mL).

Anti-VEGF treatment has been used preoperatively to reduce

vascular proliferation and the vascularity of neovascular tissue.

Several studies have investigated the efficiency of anti-VEGF

treatment before PPV in patients with PDR (7–9, 15, 19). Hattori

et al. (22) found better adjunct effect on PDR patients with

intravitreal bevacizumab (IVB) at 3 days before PPV than non-

IVB before PPV. Furthermore, Castillo et al. (7) performed a study to

assess the optimal interval of intravitreal bevacizumab (IVB)

administration in diabetic patients undergoing PPV for severe

PDR. They found better postoperative outcomes at 6 months when

subjects received preoperative IVB at 5 to 10 days before PPV

compared to 1-3 days for the treatment of PDR-related

complications. In addition, Wang et al. (23) performed a meta-

analysis to compare the efficiency of different perioperative time

points of anti-VEGF treatment in patients who underwent PPV for

severe PDR. They reported that anti-VEGF treatment at 6 to 14 days

before PPV could significantly improve post-operative BCVA,

decrease the incidence of recurrent vitreous hemorrhage, as well as
TABLE 4 The differences between groups in total surgical time and improved or remained unchanged BCVA.

Total surgical time Improved or remained unchanged BCVA

Group A Group B Group C Group A Group B Group C

Group B 0.299 0.217

Group C 0.549 0.971 1.000 0.478

Group D 0.127 0.001* 0.005* 0.400 0.014* 0.193
*P-value < 0.05.
TABLE 3 The differences between groups in intraoperative bleeding and spontaneous hemostasis.

Intraoperative bleeding Spontaneous hemostasis

Group A Group B Group C Group A Group B Group C

Group B 0.041* 0.193

Group C 0.041* 1.000 0.069 1.000

Group D 1.000 0.041* 0.041* 0.014* 0.478 1.000
fro
*P-value < 0.05.
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reduce the duration of surgery. In our study, we found the

administration of IVC treatment at 7 days preoperatively was more

effective than the administration of the treatment at other time points

in reducing the incidence of intraoperative and postoperative

bleeding, shortening the surgical time, improving early

postoperative BCVA, and decreasing vitreous VEGF concentration.

In terms of intraoperative bleeding, Simunovic et al. (24)

performed a meta-analysis of 22 randomized control trials and

reported that the use of anti-VEGF treatment before PPV results in

less intraoperative bleeding. Furthermore, Wang et al. (23) reported

that anti-VEGF treatment at 1 to 5 days, 6 to 14 days, and more

than 14 days before PPV significantly reduced the incidence of

intraoperative bleeding. In our study, we found that the incidence of

intraoperative bleeding after receiving IVC at 7 days and 14 days

was lower than that of receiving IVC at 3 days and in the control

group. The results might be related to the time conbercept reached

the peak concentration. Li et al. (25) investigated the ocular

pharmacokinetics of rabbits following a single dose of IVC (0.5

mg) and found that the vitreous half-life of conbercept was 4.24

days. Moreover, Du et al. (26) observed total VEGF levels in

hyperglycemic mouse eyes and reported that the conbercept

concentration remained at high levels for 4 days. Thus, we

speculated that preoperative IVC treatment at 3 days may not

provide enough time for neovascular regression. Although Mao

et al. (27) proposed that administering IVC 3 to 7 days before PPV

to manage PDR could reduce the incidence of intraoperative

bleeding, and the mean time (4.95 days) of IVC administration

before PPV was longer than the half-life (4.24 days) of conbercept.

The reduction in surgical time after preoperative IVC was

similar to that after other anti-VEGF agents. Li et al. (16)

performed a prospective randomized study to assess the clinical

efficiency of preoperative IVC treatment for severe PDR patients.

The results demonstrated that IVC treatment at 7 days and 14 days
Frontiers in Endocrinology 06230
significantly reduced the total surgery time when compared to the

control group. Furthermore, Gao et al. (19) found that preoperative

IVC treatment at 3 to 5 days also reduced the duration of surgery.

Likewise, we found that the patients who received IVC treatment at

3 days, 7 days, and 14 days had shorter total surgery times than the

control group. The surgical time reduction was mainly because anti-

VEGF agents can cause fibrovascular proliferative membrane

retraction and shrinkage, which makes manipulative techniques

and visualization easier during surgery. In addition, we were able to

manage most membrane dissections in IVC patients without the use

of endodiathermy or blood aspiration, thereby reducing the need

for tool exchange and shortening the surgical time.

Wakabayashi et al. (28) proposed that high vitreous levels of

VEGF prior to vitrectomy are associated with high neovascular

activity and may cause extensive proliferative changes. Therefore,

such patients may be more susceptible to postoperative bleeding

after PPV. Conbercept is a fully humanized, soluble, VEGF receptor

protein. The most notable characteristic of conbercept is that it

binds not only to VEGF-A but also to VEGF-B and PIGF (11).

Some studies have reported that preoperative IVC treatment caused

less postoperative bleeding (10, 19, 26). In our study, we found that

the VEGF concentrations of groups A-C (125.34 ± 76.89 pg/mL,

67.04 ± 47.24 pg/mL, 93.81 ± 63.57 pg/mL, respectively) were lower

than those of group D (178.29 ± 110.50 pg/mL), and the incidence

of postoperative bleeding in groups A-C was lower than that of

group D. Thus, we speculated that postoperative bleeding might be

related to the vitreous VEGF concentration. Furthermore, Nistic

et al. (29) suggested that intraoperative bleeding increases the risk of

postoperative bleeding. In our study, the incidence of intraoperative

bleeding was not significantly different between group A and

group D, but group A had a higher proportion of patients who

achieved spontaneous hemostasis than group D. Therefore, this

could explain why group A had less patients with postoperative

bleeding than group D.

Numerous factors might be associated with postoperative

BCVA, such as a history of TRD, surgical trauma, postoperative

bleeding, and silicone oil tamponade. Chen et al. (30) performed a

meta-analysis and proposed that preoperative IVC achieved better

BCVA outcomes. Furthermore, Castillo et al. (7) reported better

postoperative BCVA at 6 months when subjects received

preoperative anti-VEGF 5-10 days before PPV for PDR as

opposed to 1-3 days. Wang et al. (23) also found that

preoperative anti-VEGF treatment at 6 to 14 days significantly

improved postoperative BCVA when compared with that of the

sham group. Similarly, we found that group B had a significantly

higher proportion of patients with a visual acuity that improved or

remained unchanged than group D. This might be related to

significantly less intraoperative and postoperative bleeding,

shorter total surgical times, and fewer intraoperative

manipulations in group B than in group D.

Zhang et al. (31) reported that concentrations of VEGF-A and

VEGF-B decreased significantly in the vitreous humor of patients

with PDR after IVC. Furthermore, Hu et al. (17) detected

intraocular proangiogenic profibrotic cytokine profiles within 7

days after IVC in patients with PDR. They reported that the

vitreous VEGF-A concentration decreased ten-fold at day 2 and
FIGURE 1

Comparison of VEGF concentrations (mean value) in different
subgroups after IVC treatment. *P-value < 0.05.
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remained at a low level at 3 days, 4 days, 5 days, 6 days, and 7 days.

Nevertheless, our results showed that the vitreous VEGF

concentration in group B (7 days, 67.04 ± 47.24 pg/mL) was

lower than that in group A (3 days, 125.34 ± 76.89 pg/mL) and in

group C (14 days, 93.81 ± 63.57 pg/mL). This might be attributed to

the fact that our study detected all VEGF family members, including

not only VEGF-A and VEGF-B but also VEGF-C and VEGF-D.

VEGF-C and VEGF-D also play a role in ocular angiogenesis. Hu

et al. (17) identified that the expression levels of VEGF-C and

VEGF-D were upregulated with the remarkable inhibition of

VEGF-A by IVC. VEGF-A, VEGF-C, and VEGF-D share a

common receptor , namely , VEGFR2; thus , wi th the

downregulation of VEGF-A by anti-VEGF drugs, VEGF-C and

VEGF-D might be upregulated in a feedback manner. In the study

by Hu et al. (17), they found that the total concentrations of VEGF-

A, VEGF-B, and VEGF-C at 7 days were also lower than those at 2

days, 3 days, 4 days, 5 days, and 6 days.

The present study has several limitations. First, the small sample

size is the major limitation and may lead to an overestimation of the

preoperative IVC effect in our study. Additional multicenter studies

with larger samples may be needed. Second, the follow-up time was

short in our study. Yang et al. (15) proposed that preoperative IVC

may reduce the incidence of early postoperative bleeding in patients

undergoing diabetic vitrectomy. However, it did not significantly

reduce the incidence of late postoperative bleeding. Therefore, we

only performed short-term follow-ups on patients to evaluate early

postoperative effects. Third, Hu et al. (17) found that the vitreous

VEGF-A concentration decreased ten-fold at day 2 and remained at

a low level at 3 days, 4 days, 5 days, 6 days, and 7 days. Thus, we

should measure the VEGF concentration at 1 day or two days after

IVC. Finally, we detected only the VEGF concentration in this

study. Zhang et al. (30) proposed that PIGF may be an attractive

molecular target in the prevention of pathological angiogenesis in

PDR. Furthermore, the PIGF concentration must be detected to

investigate the preoperative IVC effect in PDR patients at a deeper

molecular level.

In conclusion, our study revealed that IVC treatment was a

potentially effective adjunctive therapy prior to PPV for severe PDR.

Additionally, the administration of IVC treatment at 7 days

preoperatively was more effective than the administration of the

treatment at other time points in reducing the incidence of

intraoperative and postoperative bleeding, shortening the surgical
Frontiers in Endocrinology 07231
time, improving early postoperative BCVA, and decreasing vitreous

VEGF concentration.
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Objective: To study the differences in blood cellular communication network

factor 1 (CCN1) levels between patients with diabetes mellitus (DM) and healthy

individuals and to explore the relationship between CCN1 and diabetic

retinopathy (DR).

Methods: Plasma CCN1 levels were detected using ELISA in 50 healthy controls,

74 patients with diabetes without diabetic retinopathy (DM group), and 69

patients with diabetic retinopathy (DR group). Correlations between CCN1

levels and age, body mass index, mean arterial pressure, hemoglobin A1c, and

other factors were analyzed. The relationship between CCN1 expression and DR

was explored using logistic regression after adjusting for confounding factors.

Blood mRNA sequencing analysis was performed for all subjects, and the

molecular changes that may be related to CCN1 were explored. The retinal

vasculature of streptozotocin-induced diabetic rats was examined using fundus

fluorescein angiography; in addition, retinal protein expression was examined

using western blotting.

Results: Plasma CCN1 levels in patients with DR were significantly higher than in

the control and DM groups; however, no significant differences were observed

between healthy controls and patients with DM. CCN1 levels negatively

correlated with body mass index and positively correlated with the duration of

diabetes and urea levels. It was observed that high (OR 4.72, 95% CI: 1.10–20.25)

and very high (OR 8.54, 95% CI: 2.00–36.51) levels of CCN1 were risk factors for

DR. Blood mRNA sequencing analysis revealed that CCN1-related pathways

were significantly altered in the DR group. The expression of hypoxia-,

oxidative stress-, and dephosphorylation-related proteins were elevated, while

that of tight junction proteins were reduced in the retinas of diabetic rats.

Conclusion: Blood CCN1 levels are significantly elevated in patients with DR.

High and very high levels of plasma CCN1 are risk factors for DR. Blood CCN1

level may be a potential biomarker for diagnosis of DR. The effects of CCN1 on

DR may be related to hypoxia, oxidative stress, and dephosphorylation.

KEYWORDS

diabetic Retinopathy, CCN1/Cyr61, diabetic complications, blood-retinal barrier,
blood biomarker
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1 Introduction

Diabetes is a metabolic disease characterized by hyperglycemia.

Long-standing hyperglycemia chronically damages various organs,

particularly the eyes, kidneys, heart, blood vessels, and nerves,

leading to serious complications. Diabetic retinopathy (DR) is one

of the most common microvascular complications of diabetes and

one of the leading causes of incident blindness in working-age

adults (1).

Cellular communication network factor 1 (CCN1) is a

dynamically expressed extracellular matrix protein (2). CCN1,

which is primarily secreted by endothelial cells, binds to the

extracellular matrix and cell surface and controls the signal

transduction between them (3). CCN1 is rapidly upregulated in

response to various stimuli (e.g., mechanical/shear stress, hypoxia,

and inflammation) and plays a key role in wound repair, cell

growth, differentiation, adhesion, and angiogenesis (4). CCN1 is

an essential regulator of vascular development and an important

component of pathological neovascularization.

CCN1 is closely associated with diabetic microangiopathy (5–

8), particularly diabetic retinopathy (5). You et al. reported the

occurrence of higher levels of CCN1 in the vitreous humor of

patients with proliferative diabetic retinopathy (PDR) compared to

patients without diabetes (5). This observation has been

consistently confirmed by Zhang et al. (9), Choi et al. (10), and

Zhou et al. (11). Additionally, it was observed that the vascular

activity in patients with PDR significantly affected the vitreous levels

of CCN1 (11, 12). Zhou et al. observed that CCN1 levels were

significantly higher in patients with active PDR than in patients

with quiescent PDR (11); additionally, Zhang et al. found that

vitreous CCN1 levels were higher in patients with PDR who had

extensive neovascularization in the retina than in those with limited

neovascularization (9). However, CCN1 levels were higher in the

PDR group than in the control group, regardless of the PDR status

(11, 12). Furthermore, CCN1 was upregulated in the

neovascularized membranes of patients with PDR (12, 13) and

was mostly expressed in endothelial cells and myofibroblasts (12).

Additionally, the anti-vascular endothelial growth factor (VEGF)

vitreous injection was able to reduce VEGF levels in the vitreous;

however, it was unable to reduce CCN1 levels (12).

Animal and in vitro experiments have demonstrated the key

role of CCN1 in DR (3–5, 9, 10, 13, 14). In animal models with

streptozotocin (STZ)-induced diabetes, retinal CCN1 protein levels

were significantly elevated (4, 9, 13, 15); additionally, Zhang et al.

found that CCN1 was substantially concentrated in the ganglion cell

and inner plexiform layers (9). Vitreous injections of exogenous

advanced glycation end products and VEGF increased retinal

CCN1 levels (4, 14). Depletion or knockdown of CCN1

significantly inhibited retinal neovascularization in mouse models

with oxygen-induced retinopathy (3, 5, 10, 16, 17). Lee et al.

reported that CCN1 produced by pericytes was capable of

promoting choroidal neovascularization through Wnt5a (3). Di

et al. found that the neoangiogenic effect of CCN1 was mediated

by the PI3K/Akt-VEGF pathway (16, 17).

DR is a common microvascular complication of diabetes that

can lead to vision loss and blindness; thus, the early detection and
Frontiers in Endocrinology 02234
treatment of DR are crucial. The study of DR biomarkers is

conducive to the early detection of DR and the exploration of its

mechanism, as blood samples are easier to obtain than vitreous

humor samples. Although CCN1 is closely associated with DR,

there are few studies on blood CCN1 levels in patients with diabetes.

Studies on the comparison of the blood CCN1 levels in patients with

diabetes and healthy individuals and the relation between blood

CCN1 levels and DR have not been reported. Additionally, the

study of blood CCN1 levels, as a DR biomarker, could be a potential

diagnostic tool. In this study, we analyzed plasma CCN1 levels and

mRNA sequencing results in 50 healthy controls and 143 patients

with type 2 diabetes (74 without DR and 69 with DR) to explore the

predictive potential of plasma CCN1 in the diabetic population and

the plausible mechanism through which systemic CCN1 affects DR.
2 Materials and methods

2.1 Subjects and examination

The participants included in this study were recruited from the

Shanghai Cohort Study of Diabetic Eye Disease (SCODE;

clinicaltrials.gov identifier: NCT03665090). This study adhered to

the ethical principles of the Declaration of Helsinki and was

approved by the Ethics Committee of Shanghai First People’s

Hospital (2013KY023). In 2003, SCODE established a health

record for diabetic residents and began conducting annual

assessments (18). In 2008, SCODE built a community remote DR

screening system that combined digital fundus photography with

Internet technology, which improved the efficiency of DR diagnosis

(19). This study selected cross-sectional data from the SCODE

study conducted between 2017–2018.

The examination methods for the SCODE study have been

previously described (20). The inclusion criteria for this study were

as follows: (1) diabetes mellitus (DM) diagnosed in the

endocrinology department and (2) intraocular pressure in both

eyes in the range of 10–21 mmHg. The exclusion criteria were as

follows: (1) history of eye diseases other than DR, such as glaucoma,

optic neuropathy, and hereditary eye diseases, among others; (2)

history of eye surgery; (3) severe systemic diseases; (4) inability to

cooperate with the examination; and (5) fundus images of poor

quality. The diagnoses of type 1 and type 2 diabetes in this study

were based on the diagnostic criteria for diabetes proposed by the

WHO in 1999 (21). The diagnosis of DR was based on the

International Clinical Classification of DR proposed at the 2002

International Ophthalmology Conference (22).

The researchers recorded basic information such as the date of

birth, sex, height, weight, diabetes type, diagnosis time, and medical

history of the research subjects. Venous blood samples were drawn

from each subject, and tested for the levels of blood glucose,

hemoglobin A1c (HbA1c), total blood cholesterol, and blood

urea, among others. The best-corrected visual acuity was

measured using an international standard visual acuity chart. The

eyelids, conjunctiva, cornea, anterior chamber, iris, pupil, and lens

were examined using slit-lamp biomicroscopy (SL130, Zeiss,

Germany). Body Mass Index and Mean Arterial Pressure were
frontiersin.org
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calculated using the following equations:

Body Mass Index (BMI, kg=m2) = weight (kg) ÷ height2(m2)

Mean Arterial Pressure (MAP, mmHg)

= systolic blood pressure (mmHg)� 1
3

+ diastolic blood pressure (mmHg)� 2
3

2.2 Plasma CCN1

CCN1 concentrations in human plasma samples were

determined using a commercially available ELISA kit (DCYR10,

R&D Systems, USA) according to the manufacturer’s instructions

(mean minimum detectable dose: 1.54 pg/mL, intra-assay precision:

2.3%, inter-assay precision: 6.4%).
2.3 mRNA sequencing

Total white blood cell RNA was isolated using the RNeasy Mini

Kit (Qiagen, Germany). Paired-end libraries were synthesized using

the TruSeq™ RNA Sample Preparation Kit (Illumina, USA)

following the TruSeq™ RNA Sample Preparation Guide and

sequenced on an Illumina NovaSeq 6000 (Illumina, USA). Library

construction and sequencing were performed by Sinotech

Genomics Co. Ltd. (Shanghai, China).

Paired-end sequence files (FASTQ) were mapped to the

reference genome (GRCh38.100) using Hisat2 (Hierarchical

Indexing for Spliced Alignment of Transcripts, version 2.0.5). The

output SAM (sequencing alignment/map) files were converted to

BAM (binary alignment/map) files and sorted using SAMtools

(version 1.3.1).

Gene abundance was expressed as fragments per kilobase of

exons per million reads mapped (FPKM). StringTie software was

used to count the fragments within each gene and the TMM

algorithm was used for normalization.

Differential mRNA expression was analyzed using the edgeR

package. Differentially expressed RNAs with |log1.5(FC)| values > 1

and q-value< 0.05, were considered significantly different and

retained for further analysis. In this study, we specifically

analyzed genes that differed in both DR vs. DM and DR vs.

control comparisons that changed in the same direction.
2.4 Animals

Animals were handled in accordance with the Association for

Research in Vision and Ophthalmology Statement for the Use of

Animals in Ophthalmic and Vision Research. A single intraperitoneal
Frontiers in Endocrinology 03235
injection (40 mg/kg) of STZ was used to induce type 1 diabetes in

adult Brown Norway rats weighing >200 g. Rats were fasted for 12 h

prior to intraperitoneal injection. Rats of similar age and weight (n =

6) were used as the control group and were injected with equal

amounts of sodium citrate buffer (0.1 mol/L). Body weight and blood

glucose levels were measured before the injection and at 3, 4, and 8

weeks after the injection. Rats were considered diabetic if their blood

glucose levels were >300 mg/dL three days after STZ injection (n = 6).

Nine weeks after the injection, the control and STZ rats were

sacrificed, and retinal tissue samples were collected from each eye

(Supplementary Figure 1). Tissue samples were placed in liquid

nitrogen and subsequently stored at −80°C for further experiments.
2.5 Fundus fluorescein angiography

The rats in each group were subjected to fluorescein fundus

angiography (FFA) using Micron IV (Phoenix Research Labs, USA)

8 weeks after the induction of DM. The rats were intraperitoneally

injected with sodium pentobarbital (40 mg/kg) for anesthesia, pupil

dilation was performed with one drop of tropicamide (Santen

Pharmaceutical Corporation, Japan), and the corneal surface was

coated with methyl cellulose to keep it moist. During the FFA

examination, the rats were intraperitoneally injected with 10%

sodium fluorescein (0.001 mL/g, Fluorescite, Alcon, USA) for a

quick examination.
2.6 Western blot analysis

Proteins were extracted from tissue homogenates. For Western

blot analysis, protein samples were fractionated in 4–20%

SurePAGE™ Precast Gels (M00657, GenScript Biotech

Corporation, China) and transferred to nitrocellulose membranes.

The analysis was performed with anti-CCN1 (ab228592, Abcam,

UK), anti-CDC42 (2466T, Cell Signaling Technology, USA), anti-

Claudin5 (4C3C2, Invitrogen, USA), anti-COX6c (ab150422,

Abcam, UK), anti-CREB1 (R23983, ZEN- BIOSCIENCE, China),

anti-HIF1a (ab179483, Abcam, UK), anti-NDUFa1 (15561-1-AP,

Proteintech Group, USA), anti- SEPN1 (55333-1-AP, Proteintech

Group, USA), anti-SHP1 (ab32559, Abcam, UK, anti-VEGFa

(NB100-664, Novus Biologicals, USA), and anti-b-tubulin (2146S,

Cell Signaling Technology, USA) antibodies. Immunoassays were

performed using enhanced chemiluminescence (17046; ZEN-

BIOSCIENCE, China), in accordance with the manufacturer’s

instructions. Protein levels were determined by densitometric

scanning of protein bands. Six retinas were used in each group,

and the results for each retina were averaged from three replicates.
2.7 Statistical analysis

The Kolmogorov–Smirnov U test was used to test the normality

of all variables. Normally distributed descriptive data were
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represented as the mean ± standard deviation, and non-normally

distributed descriptive data were represented as the median

(quartile 1, quartile 3). One-way analysis of variance was used to

compare the between-group differences in normally distributed

data. The Kruskal-Wallis test was used to compare the between-

group differences for non-normally distributed data. The Mann-

Whitney U test was used to compare differences in non-normally

distributed data between the two groups. Spearman’s correlation

test was used to analyze the correlation between parameters when

the data were normally distributed. A binary logistic regression

model was established with DR as the dependent variable (DR = 1,

without DR = 0) to evaluate the relationship between the variables

and CCN1. CCN1 was stratified according to its quartiles (low

CCN1< 127.72 pg/mL, 127.72 pg/mL ≤ moderate CCN1< 173.85

pg/mL, 173.85 pg/mL ≤ high CCN1< 250.32 pg/mL, very high

CCN1 ≥ 250.32 pg/mL). Age, sex (male = 1, female = 0), BMI,

duration of diabetes, urea, MAP, fasting glucose, HbA1c, low-

density lipoprotein, and total cholesterol levels were included in

the multivariate model for confounding factor correction. The

Bonferroni correction was performed for multiple uncorrected

comparisons. Differences were considered statistically significant

at P< 0.05. Statistical analysis was performed using SPSS 22 software

(International Business Machines Corporation, America).
3 Results

3.1 Characteristics of the participants

A total of 193 participants (95 female, 98 male) were included in

the analysis. No significant differences (all p > 0.05) in age, BMI,

MAP, low-density lipoprotein, and total cholesterol levels were

observed between the groups (control, DM, and DR). However,

levels of fasting glucose (H = 66.62, p< 0.001), HbA1c (H = 64.47,

p< 0.001), high-density lipoprotein (F = 3.28, p = 0.04), and urea

(F = 9.73, p = 0.008) were significantly different in the three groups.

The levels of fasting glucose (H = 24.39, p = 0.027) and HbA1c (H =

31.48, p = 0.001) of the DR group were significantly higher than

those of the DM group, whereas the levels of fasting glucose (H =

59.21, p< 0.001) and HbA1c (H = 52.34, p< 0.001) of the DM group

were significantly higher than those of the control group. Levels of

high-density lipoprotein were significantly higher in the control

group than in the DM group (p = 0.036). Urea levels were

significantly higher in the DR group than in the control group

(H = 32.33, p = 0.005). Furthermore, the duration of diabetes was

significantly longer in the DR group than in the DM group (H =

13.28, p< 0.001; Table 1).
3.2 Plasma CCN1

Blood CCN1 levels were significantly different in the three

groups (H = 23.67, p< 0.001). CCN1 levels in the DR group were

significantly higher than those in the DM (H = 38.44, p< 0.001) and

control (H = 43.75, p< 0.001) groups. However, no significant

difference in CCN1 expression was observed between the control
Frontiers in Endocrinology 04236
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and DM groups (H = 5.32, p > 0.05; Table 1). In addition, similar

levels of CCN1 were observed in both male and female subgroups

(Supplementary Materials).
3.3 Influencing factors of CCN1

There were no sex differences in the CCN1 levels in the control

(U = 304, p = 0.630), DM (U = 768, p = 0.201), or DR groups (U =

605, p = 0.895). CCN1 levels negatively correlated with BMI (r = –

0.359, p< 0.001) and positively correlated with the duration of

diabetes (r = 0.370, p< 0.001) and urea levels (r = 0.206, p = 0.041).

CCN1 levels were not significantly correlated (all p > 0.05) with age

(r = 0.103), MAP (r = −0.112), fasting glucose (r = 0.189), HbA1c

(r = 0.190), high-density lipoprotein (r = 0.132), low-density

lipoprotein (r = 0.141), or total cholesterol (r = 0.091)

(Supplementary Figure 2).
3.4 DR and CCN1

The areas under the receiver operating characteristic curves for

DR were 0.730 (95% CI: 0.644–0.817), 0.713 (95% CI: 0.625–0.802),

and 0.684 (95% CI: 0.593–0.775) for CCN1 levels, HbA1c levels,

and duration of diabetes, respectively, whereas no significant

differences were observed for age, urea, and BMI (all p > 0.05;

Table 2; Figure 1).

In patients with diabetes, very high blood CCN1 levels were

associated with an increased risk of DR (OR 5.91, 95% CI: 2.12–

16.49). Furthermore, after multifactorial correction, both high and

very high blood CCN1 levels were found to be associated with an

increased risk of DR (high: OR 4.72, 95% CI: 1.10–20.25; very high:

OR 8.54, 95% CI: 2.00–36.51).
3.5 Changes in blood mRNA Associated
with CCN1

Pairwise comparisons (DR vs. DM, DR vs. control) of genes

obtained by mRNA sequencing analysis yielded 237 differentially

expressed genes, of which 219 genes were upregulated and 18 genes

were downregulated in the DR group. All the genes obtained from

the screening met the |FC| value >1.5 and q-value<0.05. Among the
Frontiers in Endocrinology 05237
237 differential genes obtained by sequencing, those associated with

CCN1 included HIF1A-AS3, SELENON, MIF, CDC42-IT1, SRCAP,

AC009927.1, AC116348.2, CDC42EP1, COX6CP1, AC112191.1,

AL117336.1, NOG, and AL157871.3.

Moreover, HIF1A-AS3, SELENON, MIF, CDC42-IT1, SRCAP,

AC009927.1, AC116348.2, CDC42EP1, COX6CP1, AC112191.1, and

AL157871.3 were upregulated, while AL117336.1 and NOG were

downregulated in the DR group (Supplementary Tables 1, 2).
3.6 Animal examination of FFA

To analyze the changes in the retinal vascular system in diabetic

rats, an FFA examination was performed. The optic disc is located

at the center of the retina, and the retinal vessels radiate around it.

Rats in the control group showed a clear fundus and fluorescence.

However, eight weeks after DM induction, rats in the diabetic group

exhibited retinal vascular tortuosity, dilation, filling defects, and

leakage, which were consistent with DR (Figure 2A).
3.7 Changes in retinal protein associated
with CCN1

Protein expression of CCN1 (U = 35, p = 0.004), as well as

CCN1-related proteins (CDC42: U = 36, p = 0.002; COX6c: U = 34,

p = 0.009; CREB1: U = 36, p = 0.002; HIF1a: U = 36, p = 0.002;

NDUFa1: U = 36, p = 0.002; SEPN1: U = 34, p = 0.009; SHP1: U =

32, p = 0.026) were significantly upregulated in the retina of diabetic

rats (all p value< 0.05). Additionally, the protein expression of

VEGF was upregulated (U = 35, p = 0.004), while Claudin5 was

downregulated (U = 34, p = 0.009) in the retina of diabetic rats

(Figures 2B, C).
4 Discussion

DR is the leading cause of blindness in working-age adults (1).

CCN1 is upregulated by various stimuli and exerts various

biological effects by interacting with the extracellular matrix and

cell surface. CCN1 has been shown to be closely related to DR.

Moreover, CCN1 in the vitreous humor and neovascular membrane

has received considerable attention; however, research on blood
TABLE 2 Association between CCN1 and DR: Binary and multivariable logistic regression analysis.

Unadjusted model Adjusted model 1† Adjusted model 2‡ Adjusted model 3§

CCN1 low Reference Reference Reference Reference

CCN1 moderate 1.47 (0.51, 4.21) 1.49 (0.51, 4.30) 1.98 (0.53, 7.41) 2.28 (0.56, 9.34)

CCN1 high* 2.32 (0.86, 6.30) 2.41 (0.87, 6.63) 4.22 (1.10, 16.11) * 4.72 (1.10, 20.25) *

CCN1 very high* 5.91 (2.12, 16.49) * 5.96 (2.11, 16.79) * 8.99 (2.33, 34.62) * 8.54 (2.00, 36.51) *
CCN1, Cellular Communication Network Factor 1; OR, Odds Ratio; DR, Diabetic Retinopathy.
CCN1was stratified according to its quartiles, low CCN1< 127.72 pg/mL, 127.72 pg/mL ≤moderate CCN1< 173.85 pg/mL, 173.85 pg/mL ≤ high CCN1< 250.32 pg/mL, very high CCN1 ≥ 250.32 pg/mL
†adjusted for age and sex (male = 1, female = 0); ‡ adjusted for age, sex, BMI, duration of diabetes, and urea; §adjusted for age, sex, BMI, duration of diabetes, urea, MAP, fasting glucose, HbA1c,
high-density lipoprotein, low-density lipoprotein, and total cholesterol; *significance of the logistic regression model, p< 0.05.
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levels of CCN1 is limited. Since blood is a more accessible biological

sample, the study of blood CCN1 levels could help us further

understand the relationship between CCN1 and DR and its

potential clinical application. We report, for the first time, the

comparison of the blood CCN1 levels between patients with type 2

diabetes and healthy individuals. We observed that plasma CCN1

levels in patients with DR were significantly higher than those in

diabetic patients without DR and healthy subjects. This finding is

consistent with previous conclusions drawn from studies on

vitreous humor.

Winzap et al. analyzed blood CCN1 levels in patients with acute

coronary syndrome and established that diabetes does not affect

CCN1 levels (23). This observation is consistent with our results,

which revealed a non-significant difference in the CCN1 levels of

the DM and control groups. HbA1c is an important indicator of

long-term glycemic control. Neither the study conducted by

Winzap et al. (23) nor our study showed a significant correlation

between HbA1c and CCN1 levels. However, Winzap et al. found

that baseline blood glucose levels were correlated with CCN1 levels

(23), which was not observed in our study. This difference may be

due to the inclusion of patients with acute coronary syndrome in

their study; additionally, the blood glucose levels may have partially

reflected the stress level in the body (23). However, the blood

glucose level in our study reflected the subjects’ glycemic

control status.

We found that BMI, duration of diabetes, and urea levels were

associated with CCN1 expression, but these correlations were weak.

Considering the relation between CCN1 and DR, we believe that the

correlation between CCN1 and these parameters may be due to

their association with DR. CCN1 is closely associated with vascular

injury. Feng et al. reported that blood CCN1 levels in diabetic

subjects were positively correlated with severity of peripheral

arterial disease (6). CCN1 levels is significantly elevated in

patients with ST-segment elevation myocardial infarction

compared to that in patients with non-ST-segment elevation

myocardial infarction (24), and high levels of CCN1 can

potentially predict the occurrence of cardiovascular risk events

(23–25). We believe that the elevation of CCN1 levels may reflect

the impairment of organ function, especially the function of blood

vessels. DR is characterized by a series of fundus lesions caused by
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leakage and occlusion of retinal microvessels. CCN1 may be

involved in the development and progression of DR through its

effects on the blood vessels.

As an early response gene, CCN1 is induced by various factors,

such as inflammation, hypoxia, and mechanical stimulation (2).

Changes in HIF1A-AS3, CDC42-IT1, SRCAP, AC116348.2,

CDC42EP1, and AL117336.1 in blood mRNA sequencing analysis

may reflect the induction of CCN1. Previous studies have shown

that hypoxia significantly induced CCN1 expression in endothelial

cells (5, 26) and HIF-1a promoted CCN1 transcription under

hypoxia (26, 27). In our study, HIF1A-AS3 was found to be

upregulated in DR. Previous studies have revealed that HIF1A-

AS1 and HIF1A-AS2 regulate the expression of HIF-1a mRNA (28,

29). We observed an increase in HIF1a in diabetic rats, which

reflects the hypoxic state of the retina. In addition, changes in the

expression of CDC42-IT1, SRCAP, CDC42EP1, and AL117336.1

may indicate changes in CREB and small GTPase-related pathways,

which have been shown to play a key role in the regulation of CCN1

(30–32). The phosphorylation of CREB and its kinases play a vital

role in RhoA-mediated regulation (30, 31, 33). The SRCAP, which is

upregulated in the DR group, is a transcriptional activator of CREB-

mediated transcription (34). CDC42EP1 is a CDC42-binding

protein that promotes angiogenesis through cytoskeletal

regulation (35). Additionally, CDC42-IT1 and AL117336.1 may be

involved in the regulation of CREB-related pathways; however,

their specific roles remain unclear. CDC42 and CREB1 levels were

higher in the retina of diabetic rats. CREB regulates the

transcription of CCN1 by directly binding to its promoter (30,

31). AC116348.2 encodes an integrin-related molecule, and it has

been reported that secreted CCN1 exerts its biological effects by

binding to integrins (36).

High plasma levels of CCN1 in patients might indicate an

impaired blood-retinal barrier. Changes in SELENON, MIF,

AC009927.1, COX6CP1, AC112191.1, NOG, and AL157871.3 in

blood mRNA sequencing analysis indicated changes in systemic

oxidative stress or phosphorylation levels, suggesting the possibility

of blood-retinal barrier injury. Diabetic rats showed vascular

tortuosity and leakage upon FFA examination. VEGF expression

increased in the retinas of diabetic rats, while Claudin5 expression

decreased. The retinal vessels of diabetic rats were damaged and the

blood-retinal barrier was compromised. CCN1 is mainly expressed

in endothelial cells and mediates angiogenic effects (36). Previous

studies have suggested that increased CCN1 expression stimulates

oxidative stress and disrupts tight junction integrity in endothelial

cells (13). In our study, alterations in the expression of SELENON,

COX6CP1, NOG, and AL157871.3 suggest elevated levels of

oxidative stress. We examined the relevant target molecules and

found that the target molecules COX6c, NDUFa1, and SEPN1

levels were elevated in the retinas of diabetic rats. In addition, CCN1

can inhibit pericyte adhesion and cause anoikis by regulating

the phosphorylation of focal adhesions (37). AC009927.1

and AC112191.1 are associated with the regulation of

phosphorylation, particularly tyrosine phosphorylation. We

examined the levels of SHP1, which promotes dephosphorylation,
FIGURE 1

Receiver operating characteristic curve of DR DR, Diabetic
Retinopathy; CCN1, Cellular Communication Network Factor 1;
HbA1c, Hemoglobin A1c; AUC, Area Under Curve.
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in the retina and found that SHP1 was upregulated in diabetic rats,

consistent with previous studies (37).

This study has some limitations. First, this was a cross-sectional

study, and longitudinal cohorts are needed to demonstrate the

predictive effect of CCN1 on DR. Second, we did not differentiate

the severity of DR and, therefore, could not clarify the relation

between CCN1 levels and the severity of DR. Third, our study

included only subjects from Shanghai, China, and the

generalizability of the findings remains to be proven. Fourth, we

discussed the mechanism of CCN1 based only on sequencing and
Frontiers in Endocrinology 07239
retinal protein results, which provides information for subsequent

mechanistic studies that need to be verified in the future. Fifth, we

did not test the level of CCN1 in the vitreous fluid and could not

analyze the relationship between CCN1 vitreous levels and CCN1

blood levels.

In conclusion, we measured plasma CCN1 levels in the healthy

controls, DM, and DR groups and found that CCN1 expression was

significantly elevated in patients with DR, whereas there was no

difference between healthy controls and DM groups. Additionally, it

was observed that elevated CCN1 levels were risk factors for DR,
B C

A

FIGURE 2

Differences in the retina between diabetic and non-diabetic rats. (A) Fundus fluorescein angiography of diabetic and non-diabetic rats.
(B) Differences in protein expression levels between diabetic and non-diabetic rats. (C) Western blotting strip images of diabetic and non-diabetic
rats. CCN1, Cellular Communication Network Factor 1; COX6c, cytochrome c oxidase subunit 6c; CREB1, Cyclic AMP-responsive element-binding
protein1; HIF1a, Hypoxia-inducible factor 1a; NDUFa1, NADH dehydrogenase 1 alpha subcomplex; SEPN1, Selenoprotein N 1; SHP1, Protein-tyrosine
phosphatase 1C; VEGFa, vascular endothelial growth factor a; Differences between control and diabetic rats were compared using the Mann–
Whitney test, and the values of protein expression were analyzed using b-tubulin as the internal control; *p< 0.05, compared with controls.
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even after multifactorial correction. CCN1 was negatively correlated

with BMI and positively correlated with the duration of diabetes

and urea levels. Thus, CCN1 levels may reflect vascular damage

caused by chronic hyperglycemia, rather than glycemic control. The

results of mRNA sequencing analysis suggested that CCN1 levels in

the blood could be upregulated due to hypoxia and may damage the

blood-retinal barrier through oxidative stress and phosphorylation

after interaction with integrin. Blood CCN1 levels may be a

potential biomarker for DR and may be involved in the

occurrence and development of DR.
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Characterization of peripheral
blood inflammatory indicators
and OCT imaging biological
markers in diabetic retinopathy
with or without nephropathy

Li Xiaodong1,2,3, Xie Xuejun2, Su Xiaojuan3,
He Yu4 and Xu Mingchao5*

1Department of Ophthalmology, The First Affiliated Hospital of Guizhou University of Chinese
Medicine, Chengdu, China, 2Department of Ophthalmology, Hospital of Chengdu University of
Traditional Chinese Medicine, Chengdu, China, 3Chengdu University of Traditional Chinese Medicine,
Chengdu, China, 4Department of Ophthalmology, Chengdu First People’s Hospital, Chengdu, China,
5Traditional Chinese Medicine Hospital of Meishan, Meishan, China
Objective: To observe the distribution characteristics of peripheral blood

inflammatory indexes and retinal macular area optical coherence tomography

(OCT) imaging biomarkers in patients with diabetic retinopathy (DR) with or

without diabetic nephropathy (DN), in order to seek clinical biomarkers that can

predict the development of DR and DN.

Methods: A total of 169 inpatients with DR who visited the ophthalmology

department of the Affiliated Hospital of Chengdu University of Traditional

Chinese Medicine from October 2020 to June 2022 and had complete clinical

data were collected, and the patients with DR were divided into two major

groups, DR and DR/DN, according to whether they had DN, and then further

divided into four subgroups, Non-proliferative DR(NPDR), proliferative DR(PDR),

NPDR/DN and PDR/DN, according to the stage of DR. The distribution

characteristics of peripheral blood inflammatory indexes [Neutrophil to

lymphocyte ratio(NLR) and Platelet to neutrophil ratio(PLR)], renal function

indexes [Cystatin-C(CYS-C), Creatinine(Crea), Uric acid(UA)and Urinary albumin

to creatinine ratio(UACR)] and OCT imaging indexes [Hyperreflective foci(HRF),

Disorgnization of retinal inner layers(DRIL), Outer retinal tubulations(ORTs),

Central retinal thickness(CRT), Retinal nerve fiber layer(RNFL) and Ganglion cell

layer(GCL)] were analyzed between the above subgroups.

Results: There was no difference between DR and DR/DN groups in terms of

gender, family history of diabetes, duration of diabetes and Bodymass index(BMI)

(P>0.05), the mean age of the DR/DN group was significantly lower than that of

the DR group (P<0.05), and the proportion of the DR/DN group with a history of

hypertension was significantly higher than that of the DR group (P<0.05); there

was no significant difference in hemoglobin A1C(HbA1c) between DR and DR/DN

groups (P>0.05). (P>0.05), Hemoglobin(HGB) was significantly higher in the DR

group than in the DR/DN group (P <0.05), NLR, PLR, Crea, UA and CYS-C were

significantly higher in the DR/DN group than in the DR group (P<0.05); there was

no significant difference in the comparison of HRF, DRIL, ORTs positive rate and
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CRT between the DR and DR/DN groups (P>0.05). RNFL and GCL thickness were

significantly lower in the DR/DN group than in the DR group (P<0.05); history of

hypertension (OR=2.759), NLR (OR=1.316), PLR (OR=1.009), Crea (OR=1.018), UA

(OR=1.004), CYS-C (OR=3.742) were the independent (OR=0.951), age

(OR=0.951), HGB (OR=0.976), RNFL (OR=0.909) and GCL (OR=0.945) were

independent protective factors for DR/DN; RNFL (OR=0.899) and GCL

(OR=0.935) were independent protective factors for NPDR/DN, RNFL

(OR=0.852) and GCL (OR=0.928) were independent protective factors for

PDR/DN. ROC curve analysis showed that the area under the curve (AUC) for

CYS-C, PLR, Crea, UA and the combination of the four indicators to predict DR/

DN were 0.717, 0.625, 0.647, 0.616 and 0.717, respectively.

Conclusions: (1) Low age combined with hypertension HGB, NLR, PLR, CYS-C,

Crea and UA may be serum biological markers for predicting DN in DR;

meanwhile, PLR, CYS-C, Crea, UA and the combination of the four indicators

can be used for risk assessment and adjunctive diagnosis of DN in DR combined

with hypertension. (2) The RNFL and GCL thickness in the temporal aspect of the

central macular sulcus may be imaging biological markers for predicting DN in

DR; meanwhile, GCL thickness may have important value for risk prediction and

diagnosis of DN in combination with DR.
KEYWORDS

diabetic retinopathy, diabetic nephropathy, neutrophil-to-lymphocyte ratio (NLR),
platelet-to-lymphocyte ratio (PLR), optical coherence tomography (OCT), inflammation
1 Introduction

Diabetic retinopathy (DR) and diabetic nephropathy (DN) are

common diabetic microangiopathies, and their similar

pathogenesis and physiological characteristics determine their

insidious onset, and they are prone to progression to irreversible

visual damage and end-stage renal organopathy. Therefore, early

diagnosis and timely intervention are crucial for the treatment

outcome and prognosis of DR and DN. The gold standard for

clinical DN diagnosis is “renal tissue biopsy”. In contrast, the

diagnosis of clinical DR can be accomplished by non-invasive and

simple fundus examination such as optical coherence tomography

(OCT), OCT Angiography(OCTA) and fundus photography

combined with clinical laboratory indicators. Studies have

shown that about 26.7% of patients with type 2 diabetes have

both DR and DN (1). At present, some studies have confirmed the

feasibility and reliability of DR in combination with relevant

clinical examinations to assist in the diagnosis of DN, such as

retinal vessel curvature, diameter, branching angle and coefficient,

and vascular geometry parameters such as aspect ratio (2). In

addition, clinical indicators including blood lipids (3), blood

bilirubin (4) and urine microalbumin (5). and urinary

haptoglobin (6). and other laboratory tests. In this clinical study,

we analyzed the clinical characteristics of peripheral blood

inflammatory indexes, renal function indexes and retinal

macular OCT biological indexes in patients with DR and DR
02243
combined with DN, explored the risk factors and protective

factors of DR combined with DN, and evaluated the predictive

value of DR combined with the above influencing factors for DN,

in order to provide a new reference basis for the early clinical

diagnosis and treatment of DN.
2 Research materials and methods

2.1 Source

this retrospective study was conducted on outpatients or

inpatients with type 2 diabetes who attended the ophthalmology

department of the Affiliated Hospital of Chengdu University of

Chinese Medicine from October 2020 to June 2022 and had

complete clinical information.
2.2 Inclusion criteria
(1). inpatients over 18 years of age with confirmed type 2

diabetic retinopathy with or without diabetic nephropathy.

(2). Information on the clinical consultation process, relevant

laboratory tests and specialist findings of all included

patients must be complete.
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(3). Patients who met all the above criteria were included in

this clinical study.
2.3 Exclusion criteria
(1). Patients with other special types of diabetes such as type 1

diabetes and gestational diabetes.

(2). Combined with severe acute complications of diabetes,

such as diabetic ketoacidosis and hyperosmolar

hyperglycemic states.

(3). Combined with severe organic liver and lung pathologies,

cardiovascular and cerebrovascular complications,

malignant tumors and hematologic diseases.

(4). Primary organic renal disease secondary to other immune,

infection or drug toxicity related renal diseases, such as

systemic lupus erythematosus nephritis.

(5). History of surgery in the last three months, history of acute

infection or stress trauma, history of taking antibiotics,

antivirals, hormones and immunosuppressive drugs that

affect the laboratory results of peripheral venous blood.

(6). Combined with other ocular diseases, such as

keratoconjunct ivi t is , g laucoma, uveit is , ret inal

arteriovenous obstruction, and other diseases.

(7). Those meeting any of the above may not be included in

this clinical study.

(8). Ocular diseases that affect the discrimination and

measurement of retinal structure levels in the macula in

OCT, such as severe nuclear cataract.

(9). Extensive vitreous hemorrhage, proliferative vitreoretinal

lesions in the macula anterior and macular regions of the

retina, etc. (Note: This criterion is applicable to the

determination and measurement of OCT biomarkers)

(10). Received vitreoretinal-related ophthalmic treatment,

surgery such as vitrectomy + peel + silicone oil filling,

total retinal laser photocoagulation and anti-VEGF drug

vitreous cavity drug injection in the 3-6 months prior to
tiers in Endocrinology 03244
admission. (Note: This criterion applies to the

determination and measurement of OCT biomarkers)
2.4 Diagnostic criteria
(1). Diagnostic criteria for type 2 diabetes mellitus: according

to the diagnostic criteria published by WHO (2019), the

diagnosis is made by meeting any one of the following

three: I. Typical diabetic symptoms (such as the presence of

polyuria, polydipsia, polyphagia and unexplained weight

loss) + random venous plasma glucose concentration ≥ 11.1

mmol/l; II. Fasting glucose concentration ≥7.0mmol/l

(whole blood ≥6.1mmol/l); III. Two-hour glucose

concentration ≥11.1mmol/l in OGTT test.

(2). Diagnostic criteria for diabetic retinopathy: I. Meet the

above diagnostic criteria for type 2 diabetes and have a clear

history of type 2 diabetes; II. Fundus signs refer to the

international clinical grading criteria for diabetic

retinopathy (as shown in Table 1).

(3). Diagnostic criteria for diabetic nephropathy: I. Meet the

above diagnostic criteria for type 2 diabetes mellitus with a

clear history of type 2 diabetes mellitus; II. According to

Urinary albumin to creatinine ratio(UACR)>30mg/g and/

or eGFR<60ml-min-1-(1.732)-1, and ask the nephrologist

to consult to exclude other factors causing renal disease.
3 Research methodology

The clinical data of all patients were collected independently by

two trained ophthalmology residents through our electronic

medical record system, and the fundus imaging data were

collected through the database stored in Spectralis HRA+OCT by

two trained ophthalmology residents who read and measured the

films, and the controversial part of the data was discussed and

decided with the third supervising physician.
TABLE 1 International clinical grading criteria for diabetic retinopathy (7).

Grading Disease severity Lesions seen in the fundus after pupil dilatation

Level 1 No obvious retinal lesions No abnormalities

Level 2 Mild NPDR Microaneurysm only

Level 3 Moderate NPDR Presence of milder than severe non-proliferative diabetic retinopathy except for microaneurysms

Level 4 Heavy NPDR Presence of any of the following, but not yet proliferative diabetic retinopathy.
a. More than 20 intraretinal hemorrhages in all four quadrants
b. Venous bead-like changes in more than two quadrants
c. Significant intraretinal microvascular abnormalities in more than one quadrant (IRMA sign)

Level 5 PDR Any of the following changes occur.
a. Neovascularization
b. Vitreous, retinal hemorrhage or preretinal hemorrhage
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3.1 General information of patients

including age, sex, weight, height, duration of diabetes and

family history, history of hypertension and other general

information. BMI was obtained by calculating the formula

weight/height2 in kg/m2.
3.2 Laboratory test indexes

Hemoglobin A1C(HbA1c), Hemoglobin(HGB), Neutrophil to

lymphocyte ratio(NLR), Platelet to neutrophil ratio(PLR), Cystatin-

C(CYS-C), Creatinine(Crea), Uric acid(UA)and Urinary albumin

to creatinine ratio(UACR). The above laboratory test results were

provided by the Laboratory Department of our hospital.
3.3 OCT fundus imaging indexes

All patients were examined by Spectralis HRA+OCT completed

by Heidelberg, Germany. Horizontal axial and vertical axial scans

were performed via the macula centrale, and Hyperreflective foci

(HRF), Disorgnization of retinal inner layers(DRIL), Outer retinal

tubulations(ORTs), Central retinal thickness(CRT), and Ganglion

cell layer(GCL) thickness indexes within 2000 mm from the macula

centrale in the OCT images of the horizontal axial scans were

selected and measured for recording. Retinal nerve fiber layer

(RNFL) and GCL thickness indicators. All OCT examinations

and reporting operations were performed by our attending

ophthalmologist or associate ophthalmologist.
Fron
(1) HRF: isolated and well-defined borders with reflective

intensity stronger than or equal to that of the RPE layer,

without artifacts and with a diameter of 20-50 mm round or

oval highly reflective particles are visible in each retinal

layer in macular OCT (8); manual counting of HRF within

2000 mm from the central macular recess.

(2) DRIL: structural disorder or blurred borders at all levels of

the inner retina visible in macular OCT (9); manual

measurement of DRIL within 2000 mm from the central

macular recess was determined.

(3) ORTs: the ring-shaped or oval-shaped border of highly

reflective signal around the low-reflective signal located in

the outer nuclear layer of the retina is visible in macular

OCT (10) (2) The ORTs were identified by human

measurement within 2000 mm from the central macular

recess

(4) CRT: the thickness of the inner retinal boundary

membrane to the RPE layer at the central recess in

macular OCT; determined by the machine’s own software

measurement.

(5) RNFL: the second layer of retinal hyperreflective band in

macular OCT, the thickness of macular nasal
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hyperreflective band is thicker the closer to the optic disc,

the thickness of macular temporal hyperreflective band is

significantly lower than the nasal side, and the closer to the

periphery, the thinner it is; RNFL thickness is determined

by the machine’s own software measurement, and the

thickness value at 2000 mm from the temporal side of the

central macula is selected for manual correction

measurement according to the specific situation.

(6) GCL: the low reflection signal band under RNFL in macular

OCT; GCL thickness was determined by the machine’s own

software measurement, and the manual correction

measurement was performed according to the specific

situation, and the thickness value at 2000 mm from the

temporal side of the central macular concavity was selected.
3.4 Fluorescein fundus angiography
examination index

FFA examination of all patients was completed by Spectralis

HRA+OCT from Heidelberg, Germany, and the specific staging of

DR in both eyes of patients was determined according to FFA

images and reports. All patients’ FFA reports were confirmed by

professors of our ophthalmology department.
3.5 Study grouping

All patients meeting the criteria of this study were divided into 2

major groups, DR and DR/DN, with DR group as the control group

and DR/DN as the observation group; on this basis, they were

further subdivided into 4 subgroups, NPDR, PDR, NPDR/DN and

PDR/DN, according to the stage of DR, with NPDR as the control

group and PDR, NPDR/DN and PDR/DN groups as the

observation group.
3.6 Statistical analysis

IBM SPSS26.0 was applied for data analysis. Count data

conforming to normal distribution were expressed by (x ± s),

statistics by independent samples t-test, one-way ANOVA,

multiple comparisons between groups by LSD method, data not

conforming to normal distribution were expressed by M(Q1,Q2),

multi-group statistics by Kruskal-wallis H-test, two-group and

between-group Mann-Whitney was used for comparison;

measurement data were statistically analyzed by chi-square test

and Fisher exact test. The risk factors were analyzed by multi-factor

logistic regression analysis; the ROC curves were used to analyze the

critical value of each factor in predicting the level of diagnosed

disease; the correlation between the factors was analyzed by Pearson

correlation and Spearman correlation analysis, and P<0.05

indicated that the difference was statistically significant.
frontiersin.org

https://doi.org/10.3389/fendo.2023.1160615
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Xiaodong et al. 10.3389/fendo.2023.1160615
4 Results

4.1 Basic data

A total of 169 patients were included in this study, including 119

patients with DR and 50 patients with DR combined with DN, with

an age range of 26-82 years and a mean age of 56.16 ± 10.80 years,

and 96 males, accounting for 56.8% of the cases.
4.2 The results of peripheral blood
laboratory tests in patients with DR and
DR/DN in this study

4.2.1 General information
As shown in Table 2, the proportion of hypertension history in

the DR/DN group was significantly higher than that in the DR

group, and the difference was statistically significant (P<0.05), and

the mean age in the DR/DN group was significantly lower than that

in the DR group, and the difference was statistically significant

(P<0.01); although the proportion of family history of diabetes in

the DR/DN group was also significantly higher than that in the DR

group, the difference was not statistically significant (P<0.05). In

addition, the differences in gender, duration of diabetes and BMI

between the DR group and the DR/DN group were not statistically

significant (P>0.05). As shown in Table 3, after re-grouping

according to DR staging, the mean age showed a significant trend

of NPDR > PDR > NPDR/DN > PDR/DN, and the difference was

statistically significant (P< 0.01), and the proportion of

hypertension history showed a trend of PDR/DN > NPDR/DN >

PDR > NPDR, but the difference was not statistically significant (P

0.01). Their differences in gender, family history of diabetes,

duration of diabetes , and BMI were not stat ist ical ly

significant (P>0.05).

4.2.2 Laboratory indices
The results of HbA1c, HGB, NLR, PLR, Crea, UA and CYS-C in

the DR and DR/DN groups are shown in Table 4, the level of

HbA1c in the DR group was slightly higher than that in the DR/DN

group, the difference was not statistically significant (P>0.05), the

level of HGB in the DR group was significantly higher than that in
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the DR/DN group, the difference was statistically The differences

were statistically significant (P<0.05), and the peripheral blood

inflammatory indexes NLR and PLR and renal function indexes

Crea, UA and CYS-C in the DR group were significantly lower than

those in the DR/DN group, and the differences were statistically

significant (P<0.05), as shown in Figure 1.

The results of laboratory test indexes in the four groups of

NPDR, PDR, NPDR/DN and PDR/DN are shown in Table 5, and

the differences in HGB, PLR, Crea and CYS-C levels among the

four groups were statistically significant (P<0.05). The differences

between the first 3 groups and the PDR/DN group were

statistically significant (P<0.05); PLR levels increased in the

order of PDR<NPDR<NPDR< NPDR/DN<PDR/DN, and the

differences between the first 2 groups and the PDR/DN group

were statistically significant (P < 0.05); Crea and CYS-C levels

increased in the order of NPDR< PDR < NPDR/DN < PDR/DN,

and the differences between the first 2 groups and the PDR/DN

group were statistically significant (P<0.05). The differences

between the first two groups and the PDR/DN group were

statistically significant (P<0.05); the levels of CYS-C increased in

the order of NPDR< PDR < NPDR < NPDR/DN < PDR/DN, and

the differences between the NPDR group and the other three

groups and the PDR group and the PDR/DN group were

statistically significant (P<0.05)The differences in HbA1c, NLR

and UA levels between the four groups were not statistically

significant (P>0.05), with HbA1c levels decreasing in the order

of NPDR/DN > PDR > NPDR > PDR/DN, and the differences

between the four groups were statistically significant (P> 0.05). In

addition, the levels of NLR and UA increased in the order of PDR

< NPDR < NPDR/DN < PDR/DN, and the differences between the

first two groups were statistically significant (P<0.05) compared

with the PDR/DN group, as shown in Figure 2.
4.2.3 Factors influencing DR/DN
With DR/DN as the dependent variable and age, history of

HBP, HGB, NLR, PLR, Crea, UA and CYS-C with statistically

significant differences (P<0.05) as independent variables, the results

of multifactorial logistic regression analysis showed that age and

HGB were independent protective factors for DR/DN, while history

of HBP, NLR, PLR, Crea, UA and CYS-C were independent risk

factors for DR/DN (P<0.05). See Table 6.
TABLE 2 Comparison of general information between DR and DR/DN groups.

DR DR/DN c2/T P

Male/Female (example) 63/56 33/17 2.03 0.15

Family history of DM (%) 25.21% 38% 4.83 0.18

History of HBP (%) 33.61% 52% 4.15 0.04

Duration of DM disease (years) 10 (7,18) 10 (7,16) -0.16 0.87

BMI(Kg/m)2 24.27 ± 3.34 23.58 ± 2.96 1.35 0.18

Age (years) 57.8 ± 10.52 52.2 ± 10.51 3.17 0.002
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4.2.4 Factors influencing PDR, NPDR/DN and
PDR/DN

PDR, NPDR/DN and PDR/DN were used as dependent

variables, age, history of HBP, HGB, NLR, PLR, Crea, UA and

CYS-C were used as independent variables, and the results of

multifactorial logistic regression showed that CYS-C was an

independent risk factor for PDR, NPDR/DN and PDR/DN

independent risk factors, and UACR was a PDR/DN independent

risk factor. As shown in Table 7.

4.2.5 Laboratory tests with predictive value for
DR/DN

CYS-C, PLR, Crea, and UA are meaningful for the diagnosis of

DR/DN, among which the best diagnostic efficacy is CYS-C. When

the value of CYS-C is greater than 1.17, the risk level of DR

complicating DN increases significantly. In addition, CYS-C, Crea

and UACR were significant for the diagnosis of PDR with DN,

among which the best diagnostic efficacy was still CYS-C, and when

the CYS-C value was greater than 1.335, the risk level of PDR with

DN increased significantly. As shown in Table 8.
4.2.6 Correlation analysis of laboratory test
indicators with DR and DN staging

The results of correlation analysis showed that CYS-C, UACR,

and DN staging were significantly positively correlated with DR

staging (P<0.05), age and HGB were significantly negatively

correlated with DN staging (P<0.05), and NLR, PLR, Crea, UA,

UACR, and CYS-C were significantly positively correlated with DN

staging (P< 0.05). In addition, the correlations between each

laboratory test index are shown in Table 9.
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4.3 Study the predictive value of DR for DN
based on macular OCT imaging index

A total of 213 eyes of 128 patients with DR and DR/DN were

included in this part, including 152 eyes with DR and 61 eyes with

DR/DN, with a mean age of 55.27 ± 10.30 years and 58.59%

of males.

4.3.1 Comparison of OCT imaging indexes
between DR and DR/DN groups

As shown in Table 10, the positive rates of HRF, DRIL, ORTs

and CRT were higher in the DR/DN group than in the DR group,

but the comparative differences were not statistically significant

(P>0.05), and the thicknesses of RNFL and GCL in the temporal

aspect of the central macular sulcus were significantly lower in the

DR/DN group than in the DR group, and the comparative

differences were statistically significant (P<0.05). As shown in

Table 11, the HRF, DRIL positivity rate and GCL thickness were

significantly different between the four groups of NPDR, PDR,

NPDR/DN, and PDR/DN (P<0.05). See Figure 3 for details.

4.3.2 Fundus imaging indices of DR/DN
Multi-factor Logistic regression analysis was performed

successively with DR/DN as the dependent variable and RNFL

and GCL thickness as the independent variables, and the results

showed that RNFL and GCL thickness were independent protective

factors for DR/DN. Subgroup analysis studies were conducted with

PDR, NPDR/DN and PDR/DN as dependent variables and HRF,

DRIL, RNFL and GCL thickness as independent variables in

multifactorial logistic regression analysis, respectively, and the
TABLE 3 Comparison of general information between subgroups.

NPDR PDR NPDR/DN PDR/DN c2/T P

Male/Female (example) 41/29 22/27 22/9 11/8 5.46 0.14

Family history of DM (%) 27.14% 22.45% 38.71% 36.84% 3.13 0.37

History of HBP (%) 31.43% 36.73% 45.16% 63.16% 6.95 0.07

Duration of DM disease (years) 10(6.5,18) 10 (7.5,17.5) 13 (10,20) 8 (6,13) 4.58 0.21

BMI(Kg/m)2 24.15 ± 2.78 24.44 ± 4.03 23.19 ± 2.63 24.23 ± 3.41 1.01 0.39

Age (years) 58.67 ± 10.66 56.57 ± 10.32 55.48 ± 9.82 46.95 ± 9.62 6.52 <0.001
frontie
TABLE 4 Comparison of laboratory test indices between DR and DR/DN groups.

DR DR/DN T/H/Z P

HbA1c 8.0 (7.0,9.3) 7.5 (6.5,9.7) -0.87 0.38

HGB 128.73 ± 18.43 120.14 ± 20.60 0.91 0.02

NLR 2.12 (1.65,2.83) 2.63 (1.64,3.88) -1.93 0.04

PLR 115.27 ± 46.27 145.45 ± 75.02 10.134 0.002

Crea 67.60 (55.90,80.50) 84.10 (60.38,117.78) -2.89 0.004

UA 354.03 ± 89.79 389.96 ± 99.89 -2.32 0.02

CYS-C 1.11 (0.88,1.29) 1.34 (1.14,2.01) -4.44 <0.001
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results showed that HRF and DRIL were independent risk factors

for PDR, while RNFL and GCL thickness were independent

protective factors for NPDR/DN and PDR/DN. factors. The

results are shown in Table 12.

4.3.3 Diagnostic value of RNFL and GCL
thickness for DR/DN

GCL thickness reduction has value for the diagnosis of DR/DN,

and when the GCL thickness is below 41.5 mm, the risk of DR with

concurrent DN is higher; further study found that when the GCL

thickness is below 42.5 mm, the risk of NPDR with concurrent DN is

higher, and when the GCL thickness is below 40.5 mm, then the risk

of PDR with concurrent DN is higher. RNFL thickness reduction

has value for the diagnosis of PDR/DN diagnosis has some value,

when RNFL thickness is lower than 20.5 mm, then PDR and found

DN risk is higher. See Table 13.
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4.3.4 Correlation between OCT imaging indices
and DR and DN staging

The results of correlation analysis showed that HRF, ORTs,

DRIL, and DN staging were significantly positively correlated with

DR staging (P<0.05), and no significant correlation was seen

between each imaging index and DN staging (P>0.05), and the

correlation between each imaging index is shown in Table 14.
5 Discussion

5.1 Young age and hypertension are risk
factors for DR Complicated with DN

This study showed that the mean age of patients in the DR/DN

group was significantly lower than that of the DR group, and
DA B

E F G

C

FIGURE 1

Histogram comparing laboratory test indicators between DR and DR/DN groups. (*represents p<0.05, indicating statistical significance). (A-G)
Comparison of HbA1c, HGB, PLR, NLR, Crea, UA, and CYS-C results between the DR And DR/DN groups.
TABLE 5 Comparison of laboratory test indicators between subgroups.

NPDR PDR NPDR/DN PDR/DN T/H/Z P

HbA1c 7.8 (6.8,10.3) 8.1 (7.0,8.8) 8.3 (7.0,10.6) 7.0 (5.2,8.6) 4.46 0.22

HGB 129.84 ± 21.12 127.14 ± 13.77 126.16 ± 18.35 110.32 ± 20.74 5.50 <0.001

NLR 2.25 (1.58, 3.23) 1.90 (1.67,2.76) 2.33(1.84,3.23) 3.23 (1.64,4.26) 4.93 0.18

PLR 116.62 ± 48.77 113.34 ± 42.87 134.29 ± 61.17 163.65 ± 92.31 4.52 0.005

Crea 66.60 (54.8,79.1) 72.40 (56.95,83.60) 75.60 (54.70,105.6) 106.1 (61.4,132.0) 13.78 0.01

UA 356.67 ± 101.96 350.24 ± 69.64 378.39 ± 89.74 408.84 ± 114.59 2.22 0.08

CYS-C 1.01 (0.84, 1.22) 1.16 (1.01,1.40) 1.25 (1.10,1.59) 1.47 (1.23,2.68) 31.09 <0.001

UACR 655.8 (143.3,871.3) 1717 (670,2805.35) -2.57 0.01
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subgroup analysis showed that the mean age of the PDR/DN group

was below 50 years old, and the age of the PDR, NPDR/DN and PDR/

DN groups showed a significant trend toward younger age compared

with the NPDR group, and the results of multifactorial analysis

indicated that age was a protective factor for DR/DN. A national

study (11) also found that the age of the PDR patient group was

significantly younger than that of the NPDR patient group, In the

study of Cheng Haihai (12), it was shown that younger DN patients

were more likely to have DR complications (12), which is also

consistent with the results of the present study. The above findings

suggest that older DR patients have a lower risk of DN complications

and younger DR patients have a higher risk of DN complications.

Although age is an uncontrollable factor, it also suggests that more
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clinical caution should be taken in younger DR patients, and more

frequent outpatient follow-up is needed to intervene in time for the

possible onset or progression of DN. In addition, the proportion of

the DR/DN group with a history of hypertension was found to be

significantly higher than that of the DR group in this study, and the

history of hypertension was an independent risk factor for DR/DN,

which is basically consistent with domestic and international studies,

in which Pu Danfeng ‘s (13) study found that the duration of

hypertension and systolic blood pressure were independent risk

factors for DR/DN, and the other study (14) also confirmed that

hypertension is indeed closely associated with the progression of DR

and DN. Therefore, strict control of hypertension can significantly

reduce the risk of DR and DN development.
DA B

E F G H

C

FIGURE 2

Histogram comparing laboratory test indicators between subgroups. (*represents p<0.05, indicating statistical significance). (A-G) Comparison of
HbA1c, HGB, NLR, PLR, Crea, CYS-C and UA results between NPDR, PDR, NPDR/DN and PDR/DN groups; (H) Comparison of UACR results between
NPDR/DN and PDR/DN groups.
TABLE 6 Risk factors and protective factors for DR/DN.

Factors b S.E Waldc2 df P OR 95% CI

Lower limit Upper limit

Age -0.50 0.017 8.861 1 0.003 0.951 0.920 0.983

History of HBP 1.015 0.369 7.556 1 0.006 2.759 1.338 5.687

CYS-C 1.320 0.350 14.213 1 <0.001 3.742 1.884 7.431

PLR 0.009 0.003 8.824 1 0.004 1.009 1.003 1.015

HGB -0.024 0.009 6.587 1 0.010 0.976 0.959 0.994

Crea 0.018 0.005 11.220 1 0.001 1.018 1.007 1.028

UA 0.004 0.002 4.947 1 0.026 1.004 1.000 1.008

NLR 0.275 0.118 5.387 1 0.020 1.316 1.044 1.660
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5.2 High HGB level is a protective factor
for DR Concurrent DN

Hyperglycemia is a controllable risk factor for diabetic

complications. Chinese Guidelines for the Prevention and

Treatment of Type 2 Diabetes (15) HbA1c has become a new

criterion for the diagnosis of diabetes and an important indicator

for predicting chronic microvascular complications of diabetes.

When HbA1c is greater than 7%, the risk of developing DR and

DN is significantly higher, and the HbA1c in both the DR and DR/

DN groups in this study was significantly greater than 7%. It has also

been confirmed in previous studies that HbA1c is an important

indicator of DR (11) and DN (16). In the present study, HbA1c was

lower in the DR/DN group than in the DR group and was

significantly lower in the PDR/DN group than in the NPDR/DN

group, but the difference between the groups was not statistically

significant.We speculate that it may be related to the fact that patients

with DR/DN, especially PDR/DN, strictly control their blood glucose

level after the symptoms of renal dysfunction or after the obvious loss

of vision, while patients with NPDR alone tend to ignore their ocular

symptoms and do not pay attention to them or do not take regular

glucose-lowering treatment, so the level of blood glucose control is

poor; meanwhile, HbA1c is a product of HGB binding to glucose in

red blood cells, so its At the same time, HbA1c is the product of HGB

binding to glucose in erythrocytes, so its decrease is not only related

to blood glucose but may also be closely related to the change of HGB

concentration in the same period. The HGB in the DR/DN group in
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this study was significantly lower than that in the DR group, and the

mean HGB values between subgroups still differed significantly, and

the mean HGB values in the PDR/DN group were significantly lower

than those in the other 3 groups, which is also basically in line with

the trend of HbA1c result changes in this study. In addition, the

results of this study found that HGB was a protective factor for DR/

DN. Results of a Korean cross-sectional study based on 2123 patients

with diabetes mellitus (17) showed that high HGB levels significantly

reduced the risk of DR prevalence; in addition there are also scholars

(18) found a significant negative association between HGB levels and

the index and severity of retinal ischemia in DR; Previous studies (19)

have also confirmed that anemia is an independent risk factor for DR

andDN; combined with the above studies, high HGB levels have been

shown to delay the development of DR and DN. Therefore, we

speculate that HbA1c and HGB are mutually influential factors,

suggesting that the HGB of patients with DR and DN should be

closely monitored in clinical practice, and combined with fasting and

postprandial glucose, the true glycemic control level of patients

should be comprehensively evaluated.
5.3 PLR and NLR may be peripheral blood
inflammatory biomarkers of DN predicted
by DR

NLR and PLR are novel non-specific inflammatory markers that

have received more attention in recent years. elevated levels of NLR
TABLE 7 Risk factors for PDR, NPDR/DN and PDR/DN.

Diagnosis Influencing Factors b S.E Waldc2 df P OR 95% CI

Lower limit Upper limit

PDR CYS-C 1.755 0.764 5.271 1 0.022 5.781 1.293 25.850

NPDR/DN CYS-C 1.829 0.806 5.144 1 0.023 6.227 1.282 30.248

PDR/DN CYS-C 1.662 0.836 3.951 1 0.047 5.272 1.023 27.160

UACR 0.001 0.000 9.515 1 0.002 1.001 1.000 1.002
TABLE 8 Laboratory test indicators for predicting DR/DN and PDR/DN.

Indicators AUC Sensitivity Specificity Yoden Index Threshold value P 95% CI

Lower limit Upper limit

DR/DN CYS-C 0.717 72% 65.5% 0.375 1.17 <0.001 0.628 0.805

PLR 0.625 74% 52.2% 0.253 103.73 0.010 0.534 0.716

Crea 0.647 52% 79% 0.31 83.55 0.003 0.546 0.767

UA 0.616 42% 79% 0.21 406.5 0.017 0.524 0.709

United 1 0.717 64% 72.4% 0.354 <0.001 0.629 0.804

PDR/DN CYS-C 0.787 68.4% 76.3% 0.437 1.34 <0.001 0.687 0.866

Crea 0.683 63.2% 71% 0.342 88.25 0.021 0.528 0.837

UACR 0.783 57.9% 88.1% 0.43 1362.3 <0.001 0.652 0.913

United 2 0.795 78.9% 71% 0.499 0.001 0.667 0.922
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and PLR represent an increase in neutrophils and platelets, which

release large amounts of inflammatory cytokines that inhibit

lymphocyte inflammatory regulation and protection, and the

immune balance between neutrophils and lymphocytes is

disrupted (20), with tumors (21), cardiovascular and

cerebrovascular complications (19), respiratory diseases (22),

diabetes mellitus (23) and other systemic chronic inflammatory

diseases are closely related, NLR value is independently associated

with neovascular Age-related macular degeneration (24). Moreover,

Higher PLR could reduce the risk of Type 2 Diabetes Mellitus.

Larger increase of NLR could increase Type 2 Diabetes Mellitus risk

(25). And an increasing number of scholars are now studying their

relationship with diabetic microvascular complications. One study

showed that (26) Platelets and neutrophils interact with each other,

and under inflammatory stimulation neutrophils produce platelet

chemokines and activating factors, and activated platelets release

large amounts of pro-inflammatory and pro-angiogenic factors that

damage vascular endothelial cells, leading to increased vascular

permeability, edema, and exudation, which further activate

neutrophils to release more inflammatory mediators and induce

chronic microangiopathy and inflammatory responses (26),

promoting DN (27) and DR (28) of progression. Recent findings

suggest that Lymphocyte percentage can be used as an
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inflammatory marker for the development of DME in patients

with severe DR (29).The NLR and PLR in the DR/DN group in this

study were significantly higher than those in the DR group,

suggesting a more severe inflammatory response in DR/DN;

previous studies also found that NLR predicted DN progression

(30) and the severity of DR (31); a recent study (32) demonstrated

that NLR and PLR are risk factors for DN and may be predictors of

early DN patients (33); another study (34) also showed that NLR

was an independent risk factor for DR, DN, and DR/DN, Latest

Research suggest that PLR may be an independent risk factor for

evaluating DR in type 2 diabetes patients (35).The present study

found that both NLR and PLR were independent risk factors for

DR/DN, and the risk of DR complicated by DN was significantly

increased when PLR > 103.73. Previous studies found that PLR also

predicted diabetes-related lower extremity vascular disease (36),

atherosclerosis and diabetic foot ulcers (37). This suggests that

platelets are not only involved in thrombosis, but also play an

important role in regulating the immune inflammatory response,

especially in the intravascular one. Meanwhile, correlation analysis

showed that PLR was significantly positively correlated with NLR,

and both PLR and NLR were significantly positively correlated with

DN stage; Furthermore, The systemic immune-inflammation index

(SII) is a novel and integrated inflammatory biomarker, SII was
TABLE 9 Correlation distribution of laboratory test indicators with DR and DN staging.

HBP Age HGB NLR PLR Crea UA UACR CYS-C DR DN

HBP 1

Age 0.142 1

HGB -0.140 -0.019 1

NLR 0.214* -0.083 -0.017 1

PLR 0.084 -0.185 0.023 0.474* 1

Crea 0.344* 0.137 -0.188* 0.254* 0.087 1

UA 0.189* 0.023 -0.007 0.221* 0.018 0.498* 1

UACR 0.485* 0.485
*

-0.466* 0.367* 0.334* 0.674* 0.432* 1

CYS-C 0.352* 0.352
*

-0.354* 0.227* 0.161* 0.709* 0.415* 0.687* 1

DR 0.038 -0.159* -0.148 0.025 0.069 0.129 0.012 0.432* 0.285* 1

DN 0.064 -0.286* -0.324* 0.334* 0.375* 0.430* 0.297* 0.529* 0.501* 0.371* 1
frontiers
*represents p < 0.05, indicating statistical significance.
TABLE 10 Comparison of OCT imaging indexes between DR and DR/DN groups.

DR DR/DN c2/F P

HRF 102 (67.1%) 43 (70.5%) 0.23 0.63

DRIL 106 (69.7%) 47 (77%) 1.15 0.28

ORTs 39 (25.7%) 18 (29.5%) 0.33 0.57

CRT 270.81 ± 86.31 299.00 ± 136.43 3.53 0.07

RNFL 19.26 ± 4.91 17.64 ± 3.64 5.42 0.02

GCL 39.68 ± 10.69 34.97 ± 6.97 10.53 0.001
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calculated as the platelet count × neutrophil count/lymphocyte

count. New research results indicate that the higher SII level is

associated with DN in Type 2 Diabetes Mellitus patients. The SII

could be a cost-effective and straightforward approach to detecting

DN (38). In conclusion, we speculate that PLR and NLR are

important inflammatory biomarkers for predicting DN in DR,

and are closely related to DN severity.
5.4 CYS-C, UA and Crea may be peripheral
blood biomarkers of DN predicted by DR

2. Serum CYS-C, an endogenous marker of glomerular filtration

rate, is associated with diabetic macroangiopathy (39) and

microangiopathy (40) both have relevance. In the present study,

CYS-C was significantly higher in the DR/DN group than in the DR
Frontiers in Endocrinology 11252
group, and CYS-C was an independent risk factor not only for DR/

DN but also for PDR, NPDR/DN and PDR/DN, respectively.

Previous clinical studies (41) found that Cys C was an

independent risk factor for DN complicated by DR; the present

study confirmed that CYS-C had predictive value for DR/DN and

PDR/DN, and the likelihood of DR complicated by DN was higher

when CYS-C> 1.17 mg/L, and the risk of PDR complicated by DN

was higher when CYS-C was elevated to 1.335 mg/L. Other clinical

studies (42)have found a significantly increased risk of renal

insufficiency in PDR patients with CYS-C above 1.315 mg/L. The

most recent Meta-analysis (43) The results showed that CYS-C has

significant diagnostic value for DN, and the abnormal rate of CYS-C

in the urine of patients gradually increased with the aggravation of

DN, and the abnormal rate of CYS-C in the urine of patients with

stage 3 DN was 100% (44); and our study showed a significant

positive correlation between serum CYS-C and DN stage. One study
TABLE 11 Comparison table of OCT imaging indices between subgroups.

NPDR PDR NPDR/DN PDR/DN c2/F P-value

HRF 63 (59.4%) 39 (84.8%) 27 (71.7%) 16 (69.6%) 9.73 0.02

DRIL 66 (62.3%) 40 (87.0%) 26 (68.4%) 21 (91.3%) 14.53 0.002

ORTs 23 (21.7%) 16 (34.8%) 9 (23.7%) 9 (39.1%) 4.88 0.18

CRT 273.72 ± 95.11 264.11 ± 61.83 291.89 ± 95.43 310.74 ± 187.67 1.33 0.27

RNFL 19.51 ± 4.55 18.67 ± 5.67 18.08 ± 4.16 16.91 ± 2.47 2.47 0.06

GCL 39.98 ± 10.23 38.98 ± 11.76 35.42± 6.94 33.96 ± 7.07 3.70 0.01
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FIGURE 3

Histogram comparing DR with DR/DN and subgroup analysis of fundus imaging indices. (*represents p<0.05, indicating statistical significance). (A, B)
Results of comparison of OCT indexes between DR And DN; (C–H) Comparison results of four OCT indexes: NPDR, PDR, NPDR/DN and PDR/DN.
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showed that CYS-C could be an early predictor of tubular injury in

T2DM diabetic patients (45).A domestic study (34) found that CYS-

C was only associated with DN and weakly correlated with DR,

which may be related to the fact that the study did not group the

severity of DR.Recent research has discovered that CYS-C was a risk

factor for DN independent of BMI and SBP in diabetes mellitus

patients (46). Zheng Yanhui et al (47) found that CYS-C was an

independent risk factor for DR and positively correlated with the

severity of DR, while the present study also found that CYS-C was

an independent risk factor for PDR and significantly and positively

correlated with the stage of DR. A Meta (48) analyzed the

correlation between CYS-C and DR in 4354 Chinese patients with

type 2 diabetes and confirmed that CYS-C was strongly associated

with DR progression, which is consistent with the results of the

present study. In addition, one study found that CYS-C promotes

increased VEGF levels to induce angiogenesis (49) and was closely

associated with the expression of various inflammatory factors CRP,

IL-6 and TNF-a (50), CYS-C levels were significantly positively

correlated with PLR and NLR in the present study, suggesting that

CYS-C levels may be related to the degree of inflammatory response

in vivo. Therefore, CYS-C can be used as an important serum

indicator for predicting the development of DN in DR.

Serum UA is the end product of purine degradation and has

antioxidant and pro-oxidant properties, UA can decrease glucose-

stimulated insulin secretion and cause b-cell death. The

mechanisms underlying these effects are UA-induced oxidative
Frontiers in Endocrinology 12253
stress and inflammation within the b-cells. UA also stimulates

inducible nitric oxide (NO) synthase (iNOS) gene expression

leading to NO-induced b-cell dysfunction. Thus hyperuricemia

may potentially cause b-cell dysfunction, leading to diabetes (51).

High levels of UA stimulate proliferation of human vascular smooth

muscle cells, increase the expression of endothelin-1 and CRP,

increase ROS production, and damage vascular endothelial cells

(52), leading to macrovascular and microangiopathy. Therefore,

excessive UA is strongly associated with diabetic microangiopathy

(53). In this study, UA was significantly higher in the DR/DN group

than in the DR group, and UA was an independent risk factor for

DR/DN, and the risk of DR complicating DN increased when UA

was >406.5 mmol/L; Lai Na’s study (54) showed that the risk of DR

occurred significantly increased when UA exceeded 304.75 mmol/L,

while the risk of DN occurred significantly increased when UA >

379.05 mmol/L (54). The above studies suggest that high UA can be

a better predictor of the development of DR and DN. In the

correlation analysis, UA levels were significantly and positively

correlated with DN staging, which is consistent with previous

studies (55). In addition, scholars (56) found that UA levels

increased with increasing DR severity and could be used as a

clinical indicator to assess the severity of DR, and that men with

high UA had a significantly higher risk of developing DR (57).

However, the results of this study showed no significant correlation

between UA and DR staging, and the difference in UA comparison

between the DR and PDR groups in the subgroup analysis was not
TABLE 12 Results of multi-factor logistic regression analysis for DR/DN, PDR, NPDR/DN and PDR/DN.

Diagnosis Markers B S.E Waldc2 df P OR 95% CI

Lower limit Upper limit

DR/DN RNFL -0.095 0.037 6.753 1 0.009 0.909 0.846 0.977

GCL -0.056 0.017 10.580 1 0.001 0.945 0.914 0.978

PDR HRF 1.134 0.508 4.995 1 0.025 1.322 0.119 0.870

DRIL 1.180 0.528 4.995 1 0.025 1.307 0.109 0.865

NPDR/DN RNFL -0.107 0.046 5.503 1 0.019 0.899 0.821 0.983

GCL -0.067 0.022 9.033 1 0.003 0.935 0.896 0.977

PDR/DN RNFL -0.161 0.059 7.500 1 0.006 0.852 0.759 0.955

GCL -0.075 0.027 7.991 1 0.005 0.928 0.881 0.977
TABLE 13 Prediction data table of RNFL and GCL for DR/DN, NPDR/DN, PDR/DN.

Indicators AUC Sensitivity Specificity Yoden Index Threshold value P 95% CI

Lower limit Upper limit

DR/DN RNFL 0.579 80.3% 36.8% 0.171 20.5 0.07 0.500 0.659

GCL 0.642 85.2% 48.0% 0.332 41.5 0.001 0.569 0.716

NPDR/DN RNFL 0.522 97.4% 56.0% 0.134 24.5 0.678 0.423 0.620

GCL 0.605 86.8% 40.4% 0.262 42.5 0.043 0.521 0.689

PDR/DN RNFL 0.636 95.7% 36.3% 0.31 20.5 0.034 0.546 0.725

GCL 0.642 91.3% 45.3% 0.366 40.5 0.026 0.546 0.738
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statistically significant, which may be related to the small sample

size included in this study. There is a relevant study found that

higher UA levels are associated with various stages of the onset and

progression of DN, including metabolic, cardiovascular and kidney

function abnormalities (58).Therefore, serum UA may be a marker

for DR to predict DN and assess the severity of DN.

Currently, although Crea is affected by various factors such as

age, gender and weight, it is also one of the most direct markers for

clinicians to determine renal function, and an increase in Crea

indicates a decrease in glomerular filtration. The present study

found that Crea is an independent risk factor for DR/DN, and the

l ike l ihood of DN compl i ca t ing DR increases when

Crea>83.55mmol/L, and the risk of DN complicating PDR

increases when Crea rises to 88.25 mmol/L. The significant

positive correlation between Crea level and DN stage suggests

that Crea can be a serum marker for assessing the severity of DN

and predicting DN by DR. This suggests that Crea can be a serum

marker to assess the severity of DN and to predict DN in DR.

Previous studies have also confirmed that regular monitoring of

Crea levels is useful in assessing the progression and prognosis of

DN (59, 60). In addition, the Crea levels in the PDR group were

found to be more than adequate. In addition, Crea levels were

higher in the PDR group than in the DR group, but the difference

was not statistically significant and did not correlate with DR

staging, suggesting that Crea has limited value in assessing DR

severity. According to the results of this study, Crea is a helpful

serum marker for predicting DN in DR.
5.5 UACR may be a biomarker of DN
predicted by DR

UACR is an effective indicator for monitoring early proteinuria

and chronic renal impairment. In this study, we found that UACR is

an independent risk factor for PDR/DN and has diagnostic

significance for PDR/DN, and when the combination of UACR,

CYS-C and Crea can improve the predictive value of PDR/DN, and

all of them are higher than the diagnostic value of each individual

index. Gao Jun et al. (61) found that the combination of UACR,

serum Cys-C and amyloid A had a higher diagnostic value for early
Frontiers in Endocrinology 13254
DN than each individual index, and could be used as a clinical index

for monitoring early DN. In this study, UACR was significantly and

positively correlated with DN staging, and we hypothesized that

UACR could be used to assess the severity of DN. In addition,

UACR is also a risk factor for the development of DR (62)., study

(63) suggests that high values of UACR within the normal range

may be a risk factor for the onset of DR, and the likelihood of DR

onset is higher when UACR reaches 16.79 mmol/L. In this study,

the UACR index was not collected from patients with DR alone, so

it could not be verified whether UACR was a risk factor for DR

onset, but correlation analysis found that it was closely related to the

staging of DR, indicating that the higher the UACR, the more severe

the DR. In conclusion, UACR may be a clinical marker for DR to

predict the progression of DN with the aid of diagnosing DN

complicated by PDR.
5.6 HRF, DRIL, ORTs and CRT have limited
value for DR Prediction DN

At present, macular OCT biological markers such as HRF,

DRIL, ORTs and CRT are mainly used to evaluate and monitor

the changes of DME condition, treatment effect and visual

prognosis. This study mainly analyzed the distribution

characteristics of the above OCT biological markers in DR and

DR/DN patients. The presence of HRF in all layers of the retina

suggests active inflammation of the retina and even the choroid, and

more scholars believe that its formation may be related to the

activation of microglia and the accumulation of pro-inflammatory

factors released, among others (64). DRIL represents a signal

disruption and disruption of the second level neurons of the

visual transmission pathway and may be closely related to retinal

ischemia and hypoxia, previous studies (65) found a significant

correlation between DRIL and the area of the retinal nonperfused

area, and also studies (66) DRIL and its length are also important

biological predictors of DR prognosis The DRIL and its length are

also important biological predictors of DR prognosis (67).We found

that the positive rates of HRF and DRIL were higher in the DR/DN

group than in the DR group, but not statistically significant, and in

the subgroup analysis, the positive rates of HRF and DRIL were
TABLE 14 Correlation distribution of OCT imaging indices with DR and DN staging.

HRF CRT ORTs RNFL GCL DRIL DR DN

HRF 1

CRT 0.361* 1

ORTs 0.391* 0.427* 1

RNFL -0.041 0.034 -0.096 1

GCL 0.047 0.005 -0.128 -0.149* 1

DRIL 0.467* 0.237* 0.331* 0.018 0.063 1

DR 0.315* 0.091 0.228* -0.090 -0.031 0.438* 1

DN 0.116 -0.184 0.102 0.011 -0.205 0.047 0.334* 1
frontiers
*represents p<0.05, indicating statistical significance.
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significantly higher in the PDR group than in the NPDR group, and

HRF and DRIL were independent risk factors for PDR, and the

positive rates of HRF and DRIL were also significantly and

positively correlated with DR staging, but they did not correlate

with either DN staging; the above The results suggest that HRF and

DRIL can be biological markers for predicting PDR and DR staging,

but have limited predictive value for DN. ORTs mostly occur in the

outer nuclear layer of the retina in the macula, and its formation

may be associated with the remodeling of photoreceptor cells after

retinal damage, and the progression of retinal lesions to the end

stage (10).ORTs are suggestive for the progression and treatment

prognosis of a variety of CNV-related and degenerative genetic-

related retinal diseases, and are used to predict sensitivity to anti-

VEGF drugs and visual prognosis, but not as a basis for assessing

CNV activity and retreatment (68). In this study, the positive rate of

ORTs was found to be significantly correlated with DR staging and

not significantly correlated with DN staging.CRT is a common

index to assess the indication, efficacy and prognosis of drug

therapy for a variety of macular edema diseases and is widely

used in clinical and basic research of various retinal and choroidal

diseases. In this study, CRT was significantly higher in the DR/DN

group than in the DR group, but it was not statistically significant,

and no significant correlation was found between CRT and the

staging of DR and DN. This may be because DME can occur in all

stages of DR, which affects the variability of CRT between groups, or

it may be related to the inclusion of more patients with moderate to

severe NPDR and PDR in this study.
5.7 RNFL and GCL thickness in macular
area may be biomarkers of OCT image for
DR Prediction of DN

The current findings mostly support that neurodegenerative

changes in the retina have occurred in DR prior to the development

of microangiopathy, leading to neuronal apoptosis and glial cell

activation, which mainly affects retinal ganglion cells (RGCs) in the

RNFL, GCL, and inner plexiform layer, which contains the axons of

RGCs, and the GCL and inner plexiform layer, which consists of the

nuclei and dendrites of RGCs (69), so the measurement of RNFL

and GCL thickness can provide some reference for

neurodegenerative changes in the retina. In this study, RNFL and

GCL thicknesses were significantly lower in the DR/DN group than

in the DR group, and RNFL and GCL thicknesses were independent

protective factors for DR/DN, NPDR/DN, and PDR/DN. When

RNFL thickness was <20.5 mm, it was diagnostic for PDR/DN, and

GCL thicknesses <41.5 mm, 42.5 mm, and 40.5 mm were diagnostic

for DR/DN,The above results suggest that RNFL and GCL thickness

can be used as biological markers of DR to predict DN, and also

confirm the predictive value of retinal neurodegenerative lesions for

DN. In previous domestic and international studies, there are

relatively few studies related to the thickness changes of RNFL

and GCL in the macula at the same time, and most of them study

DR from the changes of RNFL thickness around the optic disc (70),

open-angle glaucoma (71), myopia (72) and other early
Frontiers in Endocrinology 14255
neurodegenerative changes in optic nerve and macular diseases,

so these studies are not very comparable to the results of the present

study. Wang Lili et al (73) found that the thickness of RNFL in the

macula has become significantly thinner in diabetic patients

compared with normal subjects, so regular monitoring of

thickness changes using OCT can help in the early detection of

diabetes and early diagnosis and treatment of DR (74).. In the

subgroup analysis of this study, the RNFL thickness in the PDR

group was lower than that in the NPDR group, but it was not

statistically significant, and no significant correlation was found

between RNFL thickness changes and DR staging, which may be

related to the fact that a normal control group was not established in

this study. In addition, Diao Lili et al (75) found a significant

thinning of retinal GCL thickness in the macula of diabetic patients,

but there was no significant relationship between its thickness

change and DR severity, which is consistent with the result that

there was no significant correlation between GCL thickness and DR

staging in the present study, and is also consistent with Chhablani

et al (69) study conclusions. In conclusion, the temporal RNFL and

GCL thickness in the macula may be OCT imaging biological

markers of DR to predict DN.
6 Conclude

In this part of the study, we found that low age, hypertension,

hyperglycemia, anemia, increased inflammatory response, impaired

renal function and retinal neurodegenerative changes were

important risk factors for DR complicated by DN from an

ophthalmic perspective by analyzing the general data, distribution

characteristics of laboratory and fundus OCT imaging indices in

patients with DR and DR complicated by DN. Inflammatory

indicators PLR and NLR, renal function indicators CYS-C, Crea

and UA, and OCT imaging indicators macular temporal RNFL and

GCL thickness may be important clinicobiological markers for

predicting DN complicated by DR when PLR > 103.73, CYS-

C>1.17 mg/L, UA > 406.5 mmol/L, Crea > 83.55 mmol/L, RNFL

thickness <20.5 mm and GCL thickness <41.5 mm, the risk of DR

complicating DN was significantly increased, and the combination

of PLR, CYS-C, UA and Crea did not improve the diagnostic value

of DR complicating DN; when CYS-C >1.335 mg/L, Crea >88.25

mmol/L, and The combination of CYS-C, Crea and UACR

significantly increased the diagnostic value of PDR with DN. The

positive correlation between DR staging and DN staging indicated

that DR and DN were closely related, and the two were predictors of

each other. We speculate that the consistency of the association and

progression of DR and DN may be related to the inflammatory

response as their common pathogenesis. The inflammatory

response of the renal tissue leads to impaired glomerular filtration

function, therefore proteinuria, abnormal elevation of clinical

serum inflammatory indexes and renal function indexes; the

inflammatory response of the retinal tissue leads to retinal

microangiopathy and neurodegenerative changes, and macular

OCT reveals HRF, ORTs, and DRIL and thinning of RNFL and

GCL thickness were seen on macular OCT.
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