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Purpose: Diabetic retinopathy (DR) is one of the most common complications in diabetic patients, and early diagnosis and
intervention are crucial for slowing disease progression. This study aims to investigate the changes in central macular thickness
(CMT) and foveal avascular zone (FAZ) area in healthy individuals, patients with no apparent diabetic retinopathy (NDR), and patients
with non-proliferative diabetic retinopathy (NPDR), and to explore the potential risk factors for early DR.

Methods: This cross-sectional study included 60 healthy individuals, 60 patients with no DR, and 60 patients with mild NPDR. All
participants underwent comprehensive ophthalmic examinations. Central macular thickness (CMT) was measured using optical
coherence tomography (OCT), and the FAZ area was measured using optical coherence tomography angiography (OCTA). The
potential associations between CMT and FAZ area and systemic risk factors for early DR (including duration of diabetes, body mass
index (BMI), glycated hemoglobin (HbAlc), lipid profile, and blood pressure) were analyzed.

Results: Significant differences in CMT and FAZ area were observed in both the right and left eyes of the NPDR and NDR groups
compared to the control group (p<0.05). The CMT and FAZ area also showed significant differences between the NPDR and NDR
groups (p<0.05). Additionally, CMT was positively correlated with the duration of diabetes, BMI, total cholesterol (TC), triglyceride
(TG), systolic blood pressure, and diastolic blood pressure (p<0.05). FAZ area was positively correlated with the duration of diabetes
and BMI (p<0.05).

Conclusion: The increase in CMT and the reduction in macular perfusion may be the earliest retinal structural changes in diabetic
patients, and both changes are closely related to systemic factors. These findings provide important structural and metabolic indicators
for the early identification and intervention of diabetic retinopathy.
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Introduction
Diabetic retinopathy (DR), a common microvascular complication of diabetes mellitus, is a leading cause of vision loss
and blindness worldwide.' Diabetic retinopathy is the leading cause of new blindness among diabetic patients.>* In 2020,
over 103 million people with diabetes worldwide were affected by this disease, and this number is projected to increase
to 160 million by 2045." Without effective prevention and management, the burden of diabetic retinopathy will continue
to grow, putting more patients at risk of severe vision-damaging complications such as diabetic macular edema (DME)
and proliferative diabetic retinopathy.

In its nascent stages, DR frequently progresses insidiously without overt symptoms, yet if left unchecked, it can
precipitate severe visual impairment.* DME, marked by the pathological accumulation of fluid in the macula, stands as
a pivotal factor in vision loss among DR patients.” Early alterations in central macular thickness (CMT) and the foveal

avascular zone (FAZ) serve as particularly salient indicators of disease progression and visual prognosis.®® Thus,
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delineating the relationship between these structural changes and systemic risk factors is imperative for early detection
and intervention.

Systemic risk factors, encompassing chronic hyperglycemia, diabetes duration, elevated HbAlc levels, hypertension,
and dyslipidemia, have been extensively implicated in the pathogenesis of DR.”"!! These factors may compromise retinal
microvascular integrity and hemodynamics, thereby engendering measurable changes in CMT and FAZ.*'*>'3 Advances
in imaging modalities, particularly optical coherence tomography (OCT) and optical coherence tomography angiography
(OCTA), have enabled precise quantification of these structural and vascular alterations, affording valuable insights into
the early pathophysiology of DR.'*'¢

Our previous pilot study preliminarily examined the relationship between systemic risk factors and changes in CMT
in patients with early DR, but it did not explore alterations in the FAZ or their associations with these risk factors.'’
Building on this earlier work, the present investigation incorporates FAZ metrics to comprehensively evaluate the
concomitant impact of multiple systemic risk factors on both CMT and FAZ. By identifying potential risk predictors
and linking them to early structural changes, this study aims to inform the development of targeted diagnostic and
therapeutic strategies, ultimately improving clinical outcomes for patients at risk of DR progression.

Materials and Methods
Ethical Approval

This cross-sectional study was conducted in the Department of Ophthalmology at Tong Ren Hospital, affiliated with
Shanghai Jiao Tong University School of Medicine. The study was approved by the Research Ethics Committee of Tong
Ren Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China. All procedures complied with the
principles outlined in the Declaration of Helsinki. Informed consent was obtained from all patients who participated in
the examinations and procedures.

Participants and Grouping

This study recruited 180 participants aged 40 years or older between January 1, 2023, and January 1, 2025, and divided
them into three groups: a control group of 60 healthy individuals (Group 1), a NDR group of 60 patients without signs of
diabetic retinopathy (Group 2), and a NPDR group of 60 patients with mild NPDR (Group 3). Inclusion criteria required
participants to have at least one year of type 2 diabetes history, no DR or mild NPDR, and a first visual acuity of 6/10 or
better. The NDR group showed no signs of diabetic retinopathy, including microaneurysms, hemorrhages, and exudates.
The fundus of the mild NPDR group showed signs of mild NPDR, including a few microaneurysms and/or a few
hemorrhages. Exclusion criteria encompassed participants with clinically significant diabetic macular edema (CSME),
any neurodegenerative disorders, any pre-existing ocular pathologies, history of refractive or ocular surgical interven-
tions, prior laser photocoagulation or other retinal procedures, type 1 diabetes mellitus, systemic conditions such as
anemia and cardiovascular diseases, tobacco smoking history, and those on medications beyond those used for diabetes
and hypertension management.

Ophthalmological Examinations

Each patient underwent a detailed examination by a professional ophthalmologist for both eyes and had a detailed
medical history review. Measured items included first visual acuity (VA), best corrected visual acuity, intraocular
pressure, anterior segment, axial length, and posterior segment examination and fundus examination. Macular thick-
ness measurements were performed using an OCT imaging system (BM-400 K BMizar, Tupai Medical Technology,
China) after pupil dilation, with scanning area of 6 mm x 6 mm (400,000 A-scans/second), centered on the macula.
OCTA (BM-400 K BMizar, Tupai Medical Technology, China) was performed using a 6 mm x 6 mm (400,000
A-scans/second) Angio Retina protocol centered on the macula. We employed the ETDRS grid-based segmentation
method to ensure the consistency of the measurements. The CMT and FAZ was automatically measured by the
software.
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Laboratory Tests

Patients were diagnosed with type 2 diabetes mellitus of blood samples were collected from patients after fasting for
12 hours in the morning to measure the concentrations of glycated hemoglobin (HbAlc), lipid profile, total cholesterol
(TC), and triglycerides (TG) using an auto-analyzer (high-performance liquid chromatography, ADVIA-1650 Chemistry
System, Bayer Corporation, Germany).

Statistical Analysis

Based on our pilot data (mean between-group difference ~ 22 um, SD =~ 18 um for CMT; mean difference ~ 0.05 mm?,
SD = 0.04 mm? for FAZ area), and setting o = 0.05 with 80% power, G*Power 3.1 indicated a minimum of 26
participants per group. To account for an anticipated 10% dropout rate, we enrolled no fewer than 30 participants per
group, ensuring adequate statistical power for the primary endpoints. Data are expressed as mean =+ standard deviation
(SD). Statistical analyses were performed using SPSS V.19.0 for Windows (SPSS, Chicago, Illinois, USA). Comparisons
of means between groups were analyzed by analysis of variance (ANOVA), and data that did not conform to a normal
distribution were analyzed using a nonparametric test (Mann—Whitney U-test). When exploring the correlation between
central macular thickness (CMT) and foveal avascular zone (FAZ) area and systemic risk factors, appropriate analysis
methods were selected based on the distribution of the data: the Pearson correlation coefficient was used if the data
followed a normal distribution, while the Spearman correlation coefficient was applied if the data did not conform to
a normal distribution. A p value of less than 0.05 was considered statistically significant.

Results

Basic Characteristics of the Study Population

In our study, a total of 180 participants were recruited and categorized into three distinct groups: Group 1 consisted of 60 healthy
individuals without DR; Group 2 included 60 patients with diabetes mellitus but without any signs of DR; and Group 3 comprised
60 patients with NPDR. The detailed clinical and laboratory characteristics of these three groups are presented in Table 1.

CMT and FAZ Area in Different Groups

In the NPDR cohort, the mean CMT was 263.2 + 11.48 um in the right eye and 263.9 + 12.51 um in the left eye. Within the
NDR group, the mean CMT was 256.57 + 18.61 pum in the right eye and 256.07 + 19.24 um in the left eye. In the normal
control group, the mean CMT was 237.90 + 15.53 um in the right eye and 240.45 + 18.92 pum in the left eye. Statistically
significant differences in CMT were observed between the NPDR and control groups, as well as between the NDR and control
groups. Additionally, a significant difference in CMT was noted between the NPDR and NDR groups (Table 2).

Table | Comparisons of Characteristics According to Three
Groups
Group | Group 2 Group 3
Control NDR NPDR
Participants (n) 60 60 60
Gender (M/W) 31729 30/30 32/28
Age (years) 66.68+8.11 | 66.33+7.01 66.47+7.38
Diabetes duration (years) | — 9.25%2.56 11.38+3.33
BMI (kg/m2) - 25.83+2.81 25.73%2.99
HbAlc (%) - 7.12£1.58 7.55£1.71
TC - 4.87+0.67 4.93+0.70
TG - 1.99+0.67 2.03+0.77
Systolic pressure - 125.78+16.56 | 127.28+15.64
Diastolic pressure - 80.98+9.46 81.57+9.27

Notes: Data represented the mean * standard deviation (SD) of each group.
Abbreviations: DR, diabetic retinopathy; M/W, man/woman; BMI, body mass index;

HbAlc, glycated hemoglobin; TC, Total cholesterol; TG, Triglyceride.
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Table 2 CMT and FAZ Area of Subjects in Three Groups

Group | Group 2 Group 3 Pl P2 P3
Control NDR NPDR
CMT (um)
Right eye 237.90+15.53 | 256.57+18.61 | 263.2+11.48 | 0.00 | 0.00 | 0.02
Left eye 240.45+18.92 | 256.07+19.24 | 263.9£12.51 | 0.00 | 0.00 | 0.0l
FAZ area (mm?)
Right eye 0.278+0.01 0.308+0.02 0.351+0.03 | 0.00 | 0.00 | 0.00
Left eye 0.276+0.01 0.310+0.02 0.353+0.03 | 0.00 | 0.00 | 0.00

Notes: Data represented mean * standard deviation (SD) of each group; p < 0.05 was considered
statistically significant. P1: Group 2 vs Group |; P2: Group 3 vs Group |; P3: Group 3 vs Group 2.
Abbreviations: CMT, Central macular thickness; FAZ, Foveal avascular zone; DR., diabetic retinopathy.

Regarding the FAZ area, the NPDR group exhibited a mean FAZ area of 0.351 + 0.03 mm? in the right eye and 0.353
+ 0.03 mm? in the left eye. The NDR group had a mean FAZ area of 0.308 + 0.02 mm? in the right eye and 0.310 +
0.02 mm? in the left eye. In the normal control group, the mean FAZ area was 0.278 = 0.01 mm? in the right eye and
0.276 £ 0.01 mm? in the left eye. Significant differences in FAZ area were detected between the NPDR and control
groups, as well as between the NDR and control groups. Furthermore, a significant difference in FAZ area was observed
between the NPDR and NDR groups (Table 2).

CMT and FAZ Area and Systemic Risk Factors for Diabetic Retinopathy

The CMT in both eyes was positively correlated with the duration of diabetes, BMI, TC, TG, systolic blood pressure, and

diastolic blood pressure (Table 3 and Figures 1-3). In addition, the FAZ area in both eyes was positively correlated with
the duration of diabetes and BMI (Table 3 and Figure 4).

Table 3 Correlation Analysis of CMT and FAZ Area with

Systemic Risk Factors

Parameters Right Eye Left Eye
CMT | FAZ CMT | FAZ
Diabetes duration (y), r | 0.293 | 0.256 0.319 0.299
p 0.023 | 0.048 0.013 0.020
BMI (kg/m?), r 0.299 | 0.564 0.361 0.314
p 0.020 | 0.000 0.005 0.015
HbAlc (%), r 0.012 | —0.057 | —0.045 | 0.049
p 0.926 | 0.668 0.735 0.711
TG, r 0.693 | 0.247 0.521 0.253
p 0.000 | 0.057 0.000 0.051
Triglyceride, r 0473 | 0.233 0.318 0.187
p 0.000 | 0.073 0.013 0.152
Systolic pressure, r 0.488 | 0.178 0.409 0.091
p 0.000 | 0.174 0.001 0.491
Diastolic pressure, r 0417 | 0.247 0.340 0.169
p 0.001 | 0.057 0.008 0.195

Notes: Pearson’s correlation analysis was performed to analyze the asso-
ciation of CMT and FAZ with systemic risk factors. p < 0.05 was defined as

statistically significant.

Abbreviations: CMT, Central macular thickness; FAZ, Foveal avascular
zone; BMI, body mass index; HbAlc, glycated hemoglobin; TC, Total

cholesterol; TG, Triglyceride.
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Figure | Scatter plot of the correlation between CMT and diabetes duration in right (A) and left (B) eyes and the correlation between CMT and BMI in right (C) and left

(D) eyes.
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Figure 3 Scatter plot of the correlation between CMT and systolic pressure in right (A) and left (B) eyes and the correlation between CMT and diastolic pressure in right
(C) and left (D) eyes.
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Discussion

This study focuses on NPDR, NDR, and healthy controls, comparing differences in CMT and FAZ area to elucidate early
macular structural changes in diabetic retinopathy and their associated systemic risk factors. Results show that the NPDR
group had significantly higher CMT and FAZ area than the NDR group, which in turn had significantly higher values than
the healthy controls (Table 2). Correlation analysis revealed that CMT was positively correlated with diabetes duration,
body mass index (BMI), TC, TG, systolic and diastolic blood pressure (Table 3 and Figures 1-3); FAZ area was
positively correlated with diabetes duration and BMI (Table 3 and Figure 4).

Although our previous study focused on the changes in macular thickness (MT) in patients with early DR,'” the
current study expands this research area by also examining the FAZ area, providing a more comprehensive understanding
of the early retinal structural changes associated with DR. This expansion not only enhances our understanding of the
early stages of diabetic retinopathy but also offers a new perspective for early diagnosis and intervention.

Recent research has identified macular thickening as a key link between diabetes and vision loss.'®!'? Early
intervention for macular edema has been proven effective in reducing retinal thickness and improving vision to varying
degrees, highlighting the importance of developing early diagnostic methods for macular edema.?*" This study found
that an increase in CMT occurs in the early stages of DR. Specifically, the CMT in the NDR group were significantly
lower than in healthy controls, while the NPDR group had significantly higher values than the NDR group (Table 2).
These findings indicate that OCT can detect retinal thickening invisible to the naked eye, which progressively worsens
with DR advancement. These results provide strong evidence for early DME diagnosis and support early preventive and
treatment measures to mitigate visual function damage in patients.

The FAZ, a capillary-free area surrounding the fovea, directly and significantly impacts visual quality through its
structural integrity.”” FAZ vascular density is a key indicator of macular perfusion, with capillary loss and non-perfusion
at the FAZ edge leading to decreased visual function.”**** OCTA, an emerging imaging technology, enables full retinal
layer capillary visualization and identifies the earliest microvascular changes in DR and its complications, offering
quantitative assessment.>> This technique achieves non-invasive three-dimensional retinal microvasculature visualization,
effectively overcoming the invasive limitations of traditional fluorescein angiography and providing a new tool for
exploring layer-specific vascular changes in DR.'> Existing studies have shown a significant correlation between FAZ
area and DR progression, with significant differences in deep FAZ area between proliferative diabetic retinopathy (PDR)
and mild NPDR.® This study further explores the relationship between FAZ and NPDR, NDR, and healthy controls,
revealing significant differences in FAZ area between NPDR and NDR. Notably, even in diabetic patients without
clinically visible DR, FAZ area is already larger than in healthy eyes (Table 2). These results suggest that an enlarged
FAZ area may serve as an early warning indicator for DME diagnosis, aiding in the prevention of diabetic and other
ocular complications through early intervention. This conclusion aligns with previous findings that DR and DME patients
have larger FAZ areas than non-DME patients.” However, another study indicated that in the early stages of DME, there
may be no obvious clinical symptoms, but compensatory increased macular perfusion can occur, manifested as a reduced
FAZ area. As DME progresses, FAZ area increases and macular perfusion decreases.”® Future researches should focus on
conducting large-scale prospective studies to further explore the factors influencing FAZ area reduction and elucidate its
potential role in DR progression.

In terms of correlation analysis, this study found that central macular thickness was positively correlated with diabetes
duration, BMI, TC, TG, systolic and diastolic blood pressure (Table 3 and Figures 1-3). Prolonged diabetes duration
means patients are in a state of chronic hyperglycemia, which can damage retinal vascular endothelial cells, increase
vascular permeability, and subsequently cause retinal edema and thickness increase.*!" Obesity (measured by BMI) may
induce insulin resistance, further exacerbate diabetes, and adversely affect the cardiovascular system, indirectly impact-
ing retinal blood circulation and microvascular structure.’”*® Elevated TC and TG levels, often associated with lipid
metabolism disorders in diabetic patients, can worsen vascular lesions, affect retinal blood supply, and negatively impact
macular structure.?° Elevated systolic and diastolic blood pressure can stress retinal vessels, increase vascular wall
burden, lead to vascular lesion development, and affect macular blood perfusion and tissue structure.>' 3> These findings
suggest that these biochemical indicators can be used to predict early changes in macular thickness, providing a basis for
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clinical early intervention. Conversely, retinal thickening detected by OCT in the macular area may also indicate the
presence of early systemic complications, offering clues for early diagnosis of systemic diseases.

Additionally, FAZ area was positively correlated with diabetes duration and BMI (Table 3 and Figure 4). The
prolonged duration of diabetes can lead to gradual retinal microvascular occlusion and the formation of new blood
vessels, thereby enlarging the FAZ area.'>* An increase in BMI, which is related to the degree of obesity in diabetic
patients, can cause insulin resistance, further exacerbate diabetes, and have adverse effects on the cardiovascular system,
potentially indirectly affecting retinal blood circulation and microvascular structure.>>¢ Notably, incorporating OCTA
indicators further enhances the ability to distinguish and calibrate the progression of DR and the occurrence of DME,
providing more precise tools for clinical diagnosis and treatment.

We did not detect a significant association between HbAlc and either CMT or FAZ, possibly for four reasons: (1) all
participants had early-stage DR, so the narrow range of HbAlc values weakened any potential correlation; (2) OCTA
captures instantaneous retinal structure and perfusion, whereas HbAlc reflects average glycaemia over the preceding
8-12 weeks, and this temporal discrepancy may attenuate the relationship; (3) early DR-related macular alterations are
driven by multiple concurrent factors—such as blood pressure, lipids, and inflammatory mediators—Ilimiting the
explanatory power of a single HbAlc metric; and (4) the present sample size may be insufficient to detect subtle effects.
Larger, long-term longitudinal studies are therefore warranted to clarify this association.

This study has certain limitations. First, the relatively small sample size may lead to insufficient statistical power,
making it difficult to detect subtle differences. Future studies will increase the sample size to improve the reliability of
the results. Second, incomplete data collection prevented analysis of the relationship between VA and macular thickness,
which will be a focus in future research. Additionally, the cross-sectional design limits causal inferences on CMT and
FAZ changes over time. Future studies should use longitudinal designs to explore their links with risk factors. Lastly,
FAZ irregularity was not assessed, which is important for early microvascular changes, and future research should further
investigation in future studies.

The findings of this study hold significant importance for clinical applications. By identifying early macular structural
changes and their associated systemic risk factors, we can develop more effective strategies for early diagnosis and
intervention. However, translating these research findings into clinical practice faces several challenges, including cost,
regulatory hurdles, and issues of batch consistency. To overcome these obstacles, future research should focus on
conducting large-scale prospective studies to further validate the clinical application value of these findings.
Additionally, we need to collaborate with regulatory agencies to ensure that the clinical application of these new
technologies meets safety and efficacy standards. Through these efforts, we can better prevent and manage diabetic
retinopathy, thereby improving patient outcomes.

Conclusions

In conclusion, in the early stages of diabetic retinopathy, significant changes occur in central macular thickness and FAZ
area, which are closely related to factors such as diabetes duration, lipid levels, blood pressure, and BMI. Specifically,
CMT was positively correlated with the duration of diabetes, BMI, total cholesterol (TC), triglyceride (TG), systolic
blood pressure, and diastolic blood pressure. FAZ area was positively correlated with the duration of diabetes and BMI.
These results suggest that the increase in CMT and the reduction in FAZ area may be the earliest retinal structural
changes in diabetic patients, and these changes are closely related to systemic metabolic status. Therefore, in clinical
practice, diabetic patients, especially those with longer disease duration, abnormal lipid levels, elevated blood pressure,
and obesity, should undergo enhanced macular examination and monitoring to detect signs of retinal lesions early and
promptly implement comprehensive treatment measures, including blood glucose, lipid, and blood pressure control, and
weight reduction, to slow disease progression.

Ethics Approval and Consent to Participate
All procedures of this study were in accordance with the tenets of the Declaration of Helsinki and approved by the
medical ethics committee.
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All Patients declare that they consent for publication.
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