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between HbA1c and diabetic retinopathy
in diabetic patients: a cross-sectional study
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Abstract

Background Diabetic retinopathy (DR) is a leading cause of blindness among adults with diabetes. Glycated
hemoglobin ATC (HbA1C) is a critical biomarker for long-term glycemic control and has been closely associated

with the risk of developing DR. However, the relationship between HbA1C and DR remains complex and multifaceted,
with limited research exploring the nonlinear aspects of this association. This study aims to investigate the nonlinear
relationship between HbA1C and DR, providing insights into their association and informing clinical interventions.

Objective Many studies have indicated that HbA1C is positively correlated with DR. However, although elevated
HbA1C is common in patients with DR, its relationship with DR remains controversial. Our study aimed to investigate
the nonlinear relationship between HbA1c and DR, thereby accurately elucidating their association and providing

a basis for clinical interventions.

Methods This study is the second analysis based on a cross-sectional studv. A total of 2,001 patients with type 2
Diabetes Mellitus (T2DM) visited the diabetic clinic in the Internal Medicine outpatient departments of two hospitals
in southern Taiwan between April 2002 and November 2004 were included in this analysis. Demographic and clini-
cal data were collected, and HbA1c levels were measured. The association between HbA1c and DR was analyzed
using multivariate logistic regression, adjusting for potential confounders, and the potential nonlinear correlation
was explored with a smooth curve fitting approach.

Results The fully-adjusted model showed that HbA1c positively correlated with DR (OR:1.13, 95%Cl: 1.05-1.22). How-
ever, an inverted U-shaped association between them was observed by applying the smooth curve fitted method. The
inflection point of HbA1c (9.4%) was calculated by utilizing the two-piecewise logistic regression model. In the subgroup
analysis, the inverted U-shaped nonlinear correlation between HbA1c and DR was also found in age, sex and BMI.

Conclusions HbA1C and DR have an inverted U-shaped relationship, with a peak at an HbA1C of 9.4% in the early
phase of DR. After this peak, HbATC decreases as DR increases. These results have crucial implications for DR patients.
The findings also offer insights for public health policy, highlighting the necessity of regular screening and interven-
tion for diabetic patients. Future research should further explore the mechanisms linking HbA1c to DR and consider
individualized management strategies for different populations to effectively mitigate the burden of DR.

Keywords HbA1c, Diabetic retinopathy, Inverted U-Shaped Relationship, Cross-Sectional

*Juan Ling and Zhuolin Xie are co-first authors.

*Correspondence:

XiangXia Luo

279089608@qqg.com

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12886-025-04079-8&domain=pdf

Ling et al. BMC Ophthalmology (2025) 25:289

Introduction

Diabetic retinopathy (DR) is one of the most common
complications among patients with diabetes mellitus and
a leading cause of blindness in adults. According to the
International Diabetes Federation (IDF), approximately
463 million people worldwide have diabetes, with the
prevalence of DR reaching as high as 30% to 40% among
diabetic patients [1]. This staggering statistic underscores
the urgent need for effective screening, prevention, and
treatment strategies, particularly as the global diabetes
epidemic continues to escalate. The World Health Organ-
ization (WHO) projects that by 2045, the number of
individuals with diabetes will rise to 700 million, further
exacerbating the burden of DR and its associated health-
care costs [2]. The pathophysiology of DR is complex and
multifactorial, involving a cascade of biochemical and
cellular changes triggered by chronic hyperglycemia. Pro-
longed elevated blood glucose levels lead to the accumu-
lation of advanced glycation end-products (AGEs), which
contribute to oxidative stress and inflammation within
the retinal microenvironment. These processes result
in the dysfunction of retinal endothelial cells, increased
vascular permeability, and the formation of microaneu-
rysms, ultimately leading to retinal ischemia and neovas-
cularization [3, 4].

Glycated hemoglobin A1 C (HbAl C) is produced
through the non-enzymatic glycation of hemoglobin. For
individuals with diabetes mellitus, HbA1l C serves as a
therapeutic target for adjusting glucose-lowering treat-
ments, as it shows a significant correlation with the risk
of developing microvascular complications related to dia-
betes mellitus [5]. Furthermore, HbA1 C displays lower
intra-individual variability when compared to both fast-
ing glucose and 2-h post-challenge glucose levels after
an oral glucose tolerance test, and it can be assessed
without requiring fasting [6]. For these reasons, HbA1l
C has been endorsed as a diagnostic criterion for dia-
betes [7].As an important indicator of long-term blood
glucose control, HbA1l C has been closely associated
with the risk of developing DR. Numerous studies have
demonstrated that elevated HbA1 C levels are positively
correlated with an increased incidence of DR [8-10].
This may be attributed to the microvascular damage
and oxidative stress caused by chronic hyperglycemia.
Additionally, HbA1 C levels may also participate in the
development of DR through mechanisms involving the
impact on retinal microcirculation, neurotrophic factors,
and immune function [3, 11]. Therefore, HbA1l C is not
only a crucial indicator for the diagnosis and treatment
of diabetes, but also a key biomarker for predicting and
evaluating the risk of DR. Further exploring the complex
relationship between HbA1 C and DR can contribute to
a deeper understanding of the pathogenesis of diabetic

Page 2 of 9

complications, providing a basis for clinical prevention
and management.

However, the association between DR and HbAlc is
a subject of ongoing debate, characterized by its com-
plexity and multifactorial nature. Seminal cohort stud-
ies, such as the UK Prospective Diabetes Study (UKPDS)
and the Diabetes Control and Complications Trial
(DCCT), have robustly established that a 1% reduction
in HbA1lc is associated with a 30%— 40% decrease in DR
risk, underscoring the critical role of glycemic control in
mitigating DR progression [12, 13]. However, a signifi-
cant proportion of patients (approximately 29.6%) with
well-controlled HbAlc levels (< 7%) still develop inci-
dent DR, suggesting that additional metabolic factors,
such as ethanolamine deficiency, may play a pivotal role
in DR pathogenesis [14]. The impact of HbAlc variabil-
ity (VVV) on DR remains a contentious issue. Emerging
evidence indicates that VVV may act as an independ-
ent risk factor, with a 48% increase in DR risk observed
per 1% rise in HbAlc standard deviation (SD) [15], and
its influence on DR progression may even surpass that
of the average HbAlc level [16]. In contrast, a large-
scale Japanese cohort study involving 5,898 patients with
type 2 diabetes mellitus (T2DM) found no significant
association between the HbAlc coefficient of variation
(CV) and DR [17], highlighting the potential limitations
of generalizability due to population heterogeneity and
methodological discrepancies, such as differences in
diabetes subtypes or lack of assay standardization. Fur-
thermore, the effects of rapid HbAlc reduction on DR
progression remain controversial. The 2024 EURETINA
study reported that a decline in HbAlc of >1.5% within
3 months may exacerbate DR progression by impair-
ing retinal hemodynamic adaptation [18]. Conversely,
a retrospective analysis of 1,150 patients demonstrated
no association between rapid HbAlc reduction (> 1.5%
within 12 months) and the progression of mild to mod-
erate non-proliferative diabetic retinopathy (NPDR)
[19], suggesting that disease stage or glycemic velocity
thresholds may modulate this relationship. Collectively,
these findings underscore the complexity of HbAlc-DR
interactions and controversial, emphasizing the need for
further research to elucidate the underlying mechanisms
and optimize therapeutic strategies.

Therefore, this study aimed to investigate the non-
linear association between HbAlc and DR through a
cross-sectional study of diabetic patients. We analyzed
the relationship between different HbA1lc levels and the
occurrence of DR while considering various potential
confounding factors. Through this research, we hope to
provide more scientific evidence for the clinical manage-
ment of diabetic patients and inform public health poli-
cies to reduce the incidence of DR.
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Methods

Study population

In this secondary analysis, we utilized data derived from
the study conducted by Chen SC et al. [20], published in
the esteemed journal PloS One (https://doi.org/10.1371/
journal.pone.0134718). This dataset was made freely
available for download, adhering to principles of open-
access research. The investigation carried out by Chen
SC et al. represented a comprehensive survey conducted
across diabetes clinics within the Internal Medicine out-
patient departments of two hospitals located in south-
ern Taiwan, covering the timeframe from April 2002 to
November 2004.

The study initially recruited a total of 2001 participants,
which included 858 males and 1143 females, providing a
solid demographic foundation for analysis. The average
age of the participants was 64.1 years, accompanied by
a standard deviation of +11.3 years, indicating a diverse
age range that is pertinent to the prevalence and manage-
ment of diabetes in this population.

Ethics Statement

The original study has already obtained the necessary
Ethics Statement and the study was conducted in accord-
ance with the Declaration of Helsinki, adhering to both
international ethical standards and local regulations of
previously study [20]. The Institutional Review Board
of Kaohsiung Medical University Hospital approved
the study protocol (approval number: KMUHIRB-E-
20150029). Before participating, all subjects provided
written informed consent, which included permission
for the publication of their anonymized clinical data. Fur-
ther information can be found at https://doi.org/10.1371/
journal.pone.0134718.

Variables

Demographic and medical information, including age,
gender, and co-morbidities, were collected from patients’
medical records and interviews. Body mass index (BMI)
was determined by dividing weight in kilograms by the
square of height in meters. Laboratory tests on fasting
blood samples were conducted using an autoanalyzer
(Roche Diagnostics GmbH, D- 68298 Mannheim COBAS
Integra 400). Serum creatinine levels were measured with
the compensated Jaffé (kinetic alkaline picrate) method
on a Roche/Integra 400 Analyzer (Roche Diagnostics,
Mannheim, Germany), using a calibrator traceable to
isotope-dilution mass spectrometry [21]. The estimated
glomerular filtration rate (eGFR) was calculated based
on the 4-variable equation from the Modification of
Diet in Renal Disease (MDRD) study [22]. Urine albu-
min and creatinine concentrations were assessed from a
spot urine sample utilizing the COBAS Integra 400 plus
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autoanalyzer (Roche Diagnostics, North America), with
microalbuminuria defined as a urine albumin-to-creati-
nine ratio of >30 mg/g. Blood samples were obtained
within one month prior to the measurement of the ankle-
brachial index (ABI).

DR confirmation

DR confirmation was performed by certified ophthal-
mologists based on comprehensive eye examinations.
Patients underwent funduscopy and optical coherence
tomography (OCT) to detect characteristic retinal lesions
such as microaneurysms, hemorrhages, and exudates.
The diagnosis was established according to the Interna-
tional Clinical Diabetic Retinopathy Disease Severity
Scale, confirming the presence or absence of DR [23].

Statistical analysis

Categorical variables were expressed as counts and per-
centages, whereas continuous variables were reported
as either means with standard deviations (SD) or medi-
ans with interquartile ranges (25 th to 75 th percentiles),
based on the data distribution. P-values for continuous
variables were obtained through weighted linear regres-
sion models, while the chi-square test was applied to cat-
egorical data. The association between DR and HbAlc
levels was analyzed using multivariate logistic regres-
sion and smooth curve fitting, accounting for relevant
clinical covariates. An inflection point was detected
using a recursive algorithm. For instances of non-linear-
ity, a weighted two-piecewise logistic regression model
was utilized. Statistical analyses were performed using
EmpowerStats software (http://www.empowerstats.com)
and R version 4.1.1, with a p-value of less than 0.05 con-
sidered statistically significant.

Results
In this study, a total of 2001 patients with type 2 diabe-
tes were enrolled, consisting of 1300 individuals (65.0%)
without diabetic retinopathy (non-DR) and 701 individu-
als (35.0%) with DR. The mean age of the overall study
population was 64.0 +11.3 years. Additionally, the mean
body mass index (BMI) was recorded, along with a mean
systolic blood pressure (SBP) of 135.4 +18.9 mmHg, a
mean abdominal circumference (AC) of 78.1 +10.81
cm, and a mean cholesterol level of 185.3 +38.8 mg/dL.
Further details regarding the baseline characteristics of
patients with and without DR are presented in Table 1.
Table 2 demonstrates a significant association between
HbAlc levels and the prevalence of DR. In Model 1,
without any covariate adjustments, each 1% increase in
HbA1lc was linked to a 7% increase in the odds of DR
(OR 1.07, 95% CI: 1.01-1.13, P= 0.0230). This associa-
tion strengthened in Model 2, which adjusted for sex and
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Table 1 Baseline Characteristics of the study participants (n = 2001)
Characteristic No Retinopathy (N  Retinopathy (N =701) Standardized P-value P-value*
=1300) Difference (95% Cl)
Agel(years) 633+118 654+10.2 .2 (0.7, <0.001 <0.001
BMi(kg/m?) 258+36 259+34 0(=0.1,01) 0.505 0391
SBP(mmHg) 133.7£184 1371 £193 .2 (0.1, < 0.001 < 0.001
DBP(mmHg) 778 +11.1 777 €117 0(=0.1,0. 1) 0.831 0.606
AC(cm) 771 +£11.9 79.1+96 2(=02,05) 0.309 0.532
Laboratory parameters
Cholesterol(mg/dL) 186.5+38.3 184.1 £39.3 1(=00,02) 0.184 0.06
Triglycerides(mg/dL) 1549 +136.2 155.0£134.1 0(=0.1,0.1) 0.995 0.394
LDL(mg/dL) 104.8 £285 1034 £284 1(=00,0.1) 0.284 0218
HDL(mg/dL) 50.1£132 485+127 .1(0.0,02) 0.007 0.008
Creatine(mg/dL) 1.0+£04 1104 2(0.1,0.3) <0.001 <0.001
eGFR(mL/min/1.73 m?) 704 +£194 654 +19.8 .3(0.2,03) < 0.001 < 0.001
ABI 1.1+0.1 1.1+0.1 .0 (—0.0,0.1) 0.346 0915
Sex .0(=0.1,0.1) 0.565 -
Male 748 (57.5%) 394 (56.2%)
Female 552 (42.5%) 307 (43.8%)
ACR30 0.3(0.2,04) < 0.001 -
No 911 (70.1%) 392 (55.9%)
Yes 389 (29.9%) 309 (44.1%)
Stroke 0.1(0.0,0.2) 0.004 -
No 1249 (96.1%) 653 (93.2%)
Yes 51(3.9%) 48 (6.8%)
Ischaemic Heart Disease 0.1(0.0,0.2) 0.009 -
No 1102 (84.8%) 562 (80.2%)
Yes 198 (15.2%) 139 (19.8%)
Medications
ACEl and/or ARB use (%) 3 (70.6%) 554 (79.1%) 2(0.1,03) < 0.001
3-blocker use (%) 288 (22.3%) 178 (25.4%) 1(=00,02) < 0.001
Calcium channel blocker use (%) 446 (34.5%) 335 (47.9%) 3(0.2,04) <0.001
Diuretic use (%) 547 (42.3%) 370 (52.9%) 2(0.1,0.3) <0.001

Mean £SD or Median (25 th, 75 th percentile) for continuous variables; P value was calculated by weighted linear regression model. % for categorical variables; P value
was calculated by weighted chi-square test; ABl:ankle-brachial index; HDL:high-density lipoprotein; LDL: low-density lipoprotein; eGFR: estimated glomerular filtration
rate; ACR: albumin-to-creatinine ratio; BMI:Body Mass Index; SBP:Systolic Blood Pressure; AC: Abdominal Circumference; DBP: Diastolic Blood Pressure

Table 2 Association between HbA1 C and DR

HbA1 C (%)

Model 1
[OR (95% Cl), P]

Model 2
[OR (95% Cl), P]

Model 3
[OR (95% Cl), P]

HbA1 C

HbA1 C(tertile)
Low
Middle
High

1.07 (1.01,1.13),0.0230

1.34 (1.06, 1.69),0.0140
1.56 (1.24,1.96), 0.0001

1.09 (1.03, 1.15), 0.0022

1
1.33 (1.06, 1.70),0.0136
1.68 (1.34,2.12), <0.0001

1.13(1.05, 1.22),0.0012

1
1.36(1.07,1.74),0.0119
1.80(1.38, 2.35), <0.0001

Model 1: no covariates were adjusted; Model 2: sex and age were adjusted; Model 3: age, sex, BMI, SBP, DBP, AC, Cholesterol, Triglycerides, LDL, HDL, Ischaemic Heart
Disease, ACEl and/or ARB use, B-blocker use, Diuretic use, Calcium channel blocker use and ABI were adjusted
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age, resulting in an odds ratio of 1.09 (95% CI: 1.03-1.15,
P= 0.0022). In Model 3, which accounted for multiple
covariates including age, sex, BMI, SBP, DBP, AC, cho-
lesterol, triglycerides, LDL, HDL, ischemic heart disease,
ACEI and/or ARB use, B-blocker use, Diuretic use, Cal-
cium channel blocker use and ABI, the odds ratio further
increased to 1.13 (95% CI: 1.05-1.22, P= 0.0012). When
HbA1lc was analyzed in tertiles, the low tertile served as
the reference group, with the middle tertile showing an
increased odds of DR (OR 1.34, 95% CI: 1.06-1.69, P=
0.0140) in Model 1, which remained significant in Model
2 (OR 1.33, 95% CI: 1.06—-1.70, P= 0.0136) and Model 3
(OR 1.36, 95% CI: 1.07-1.74, P= 0.0119). The high tertile
exhibited the strongest association, with an OR of 1.56
(95% CI: 1.24-1.96, P< 0.0001) in Model 1, increasing
to 1.68 (95% CI: 1.34-2.12, P< 0.0001) in Model 2, and
reaching 1.80 (95% CI: 1.38-2.35, P< 0.0001) in Model
3. These findings highlight a significant and progressive
relationship between HbAlc levels and the risk of devel-
oping DR.

Table 3 presents the association between HbAlc lev-
els and DR, stratified by sex, age, ACR30, ischemic heart
disease, and stroke. In Model 1, males showed a signifi-
cant association with an odds ratio (OR) of 1.08 (95% CI:
1.01-1.17, P= 0.0329), while females did not demonstrate
a significant association (OR 1.04, 95% CI: 0.96-1.13, P=
0.2947). Age stratification revealed that individuals aged
69.9-96.4 years had a significant association (OR 1.16,
95% CI: 1.04—1.29, P= 0.0093), while younger age groups
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did not show significant results. Regarding ACR30, those
with a positive ACR30 had an OR of 1.10 (95% CI: 1.01-
1.19, P= 0.0348) in Model 1, increasing to 1.24 (95% CI:
1.10-1.40, P= 0.0004) in Model 3. In terms of ischemic
heart disease, individuals without the condition had an
OR of 1.05 (95% CI: 0.99-1.11, P= 0.1331), while those
with ischemic heart disease had a significant associa-
tion (OR 1.25, 95% CI: 1.06-1.46, P= 0.0065) in Model
1. Stroke stratification showed no significant association
in those with a history of stroke (OR 1.10, 95% CI: 0.87—
1.41, P= 0.4279), while those without stroke had an OR
of 1.06 (95% CI: 1.00-1.12, P= 0.0350). These findings
indicate that HbAlc levels are significantly associated
with the risk of developing DR, particularly in specific
subgroups.

In this study, we employed weighted generalized
additive models and smooth curve fitting to address
the nonlinear correlation between HbA1 C and DR and
to validate the outcomes. Smooth curve fitting is an
important method for studying the nonlinear relation-
ships between risk factors and diseases, and it has been
widely adopted in numerous studies to investigate the
nonlinear associations between risk factors and the risk
of various diseases. The inflection points in a smooth
curve are particularly valuable for public health policy-
makers in developing disease prevention strategies. We
discovered an inverted U-shaped correlation between
HbA1 C and DR (Fig. 1). In addition, in the subgroup
analysis, we alse found an inverted U-shaped nonlinear

Table 3 Association between HbA1 C and DR, stratified by Sex, age, ACR30, Ischaemic Heart Disease and stroke

Model 1
[OR (95% Cl), P]

Model 2
[OR (95% Cl), P]

Model 3
[OR (95% Cl), P]

Stratified by Sex
Male
Female
Stratified by Age
19.8-59.5 years
59.6-69.8 years
69.9-96.4 years
Stratified by ACR30

1.08 (1.01,1.17),0.0329
1.04 (0.96, 1.13),0.2947

1.05 (0.96, 1.14), 03165
1.07 (0.97, 1.18), 0.2046
1.16 (1.04, 1.29), 0.0093

No 1.00 (0.93, 1.08), 0.9996

Yes 1.10(1.01,1.19),0.0348
Stratified by Ischaemic Heart Disease

No 1.05(0.99,1.11),0.1331

Yes 1.25 (1.06, 1.46), 0.0065
Stratified by Stroke

Yes 1.10(0.87,1.41),04279

No 1.06 (1.00, 1.12), 0.0350

1.11 (1.03, 1.20), 0.0074
1.07 (0.99, 1.16),0.1082

1.16 (1.04, 1.28), 0.0049
1.11(0.99, 1.24), 0.0640

1.05 (0.96, 1.14), 03147
1.07 (0.97,1.18),0.1961
1.16 (1.04, 1.29), 0.0088

1.09 (0.96, 1.24),0.1816
1.07 (0.94, 1.22), 0.3040
1.29 (1.12, 1.49), 0.0004

1.00 (0.93, 1.08), 0.9848
1.09 (1.00, 1.19), 0.0438

1.03 (0.93,1.14),0.5544
1.24 (1.10, 1.40), 0.0004

1.05(0.99,1.11),0.1322
1.25(1.07,1.47),0.0061

1.11 (1.03, 1.20),0.0102
1.27(1.02, 1.58),0.0015

1.10 (0.86, 1.40), 0.4677
1.06 (1.00, 1.12), 0.0352

1.01(0.71,1.45),0.9411
1.14 (1.05, 1.23), 0.0009

Subgroup analyses stratified by sex, age, ACR30, Ischaemic heart disease and stroke, adjusted for BMI, SBP, DBP, AC, Cholesterol, Triglycerides, LDL, HDL, ACEl and/or
ARB use, B-blocker use, Diuretic use, Calcium channel blocker use and ABI were adjusted
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Fig. 1 The association between HbA1 C and DR. Red line represents
the smooth curve. Blue bands represent the 95% of confidence
interval. Age. Sex, BMI, SBP, DBP, AC, Cholesterol, Triglycerides, LDL,
HDL, Ischaemic Heart Disease, ACEl and/or ARB use,B-blocker use,
Diuretic use, Calcium channel blocker use and ABI were adjusted
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relationship between HbA1 C and DR in age, sex and
BMI (Figs. 2, 3 and 4). The results of the inflection
points are indicated in Table 4.

Discussion

In this study, we investigated the nonlinear association
between HbAlc levels and the prevalence of DR among
a large sample of 2001 patients diagnosed with T2DM
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across two hospitals in southern Taiwan. The study’s
design is commendable due to its substantial sample
size and the cross-sectional approach, which allows for a
comprehensive analysis of the relationship between gly-
cemic control and DR.

To the best of our knowledge, this is the first study to
explore the nonlinear relationship between HbAlc and
DR. Our core findings reveal that each 1% increase in
HbAlc is associated with a 7% increase in the odds of
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Table 4 Threshold effect analysis for the relationship between

HbA1 Cand DR
Models Incidence of retinopathy P-value
Adjusted OR (95%Cl)
Model |
One line slope 1.11(1.03,1.20) 0.0045"
Model I
Turning point (K) 94
<94 slope 1 1.28(1.16,1.42) <0.0001"
> 94 slope 2 0.81(0.68,0.98) 0.0270"
Slope 2 - Slope 1 0.64 (0.51,0.80) 0.0001"
Predicted at 9.4 —0.11(=0.32,0.10)
LRT test <0001*

Data were presented as OR (95%Cl) P-value; Model |, linear analysis; Model I,
non-linear analysis. LRT test, Logarithmic likelihood ratio test.(p-value <0.05
means Model Il is significantly different from Model I, which indicates a non-
linear relationship; adjust for age, sex, SBP, DBP, AC, Cholesterol, Triglycerides,
LDL, HDL, Ischaemic Heart Disease, ACEl and/or ARB use, B-blocker use, Diuretic
use and ABI. *, p < 0.05. #, indicates that Model Il is significant different from
Model |

developing DR (odds ratio [OR] 1.07; 95% confidence
interval [CI]: 1.01-1.13, P= 0.0230). This association
strengthens when adjusted for age and sex, resulting in
an OR of 1.09 (95% CI: 1.03-1.15, P= 0.0022) and 1.13
(95% CI: 1.05-1.22, P= 0.0012). Our findings are not
entirely consistent with previous studies that have dem-
onstrated a significant association between elevated
HbAlc levels and the risk of developing DR. Specifi-
cally, the UK Prospective Diabetes Study (UKPDS 35)
observed that for each 1% increase in HbAlc, there was
a 21% increased risk of microvascular complications,
including DR [12]. The UKPDS was a large-scale pro-
spective observational study involving 3,642 patients
with T2DM, emphasizing the importance of glyce-
mic control in preventing DR. In comparison to the
UKPDS, our cross-sectional study reveals a significant
inverted U-shaped relationship between HbAlc levels
and the risk of DR. The risk of DR peaks at an HbAlc
level of 9.4%, after which it begins to decline with
further increases in HbAlc levels.The discrepancies
between this study and the findings of UKPDS 35 can
be attributed to several factors. Firstly, differences in
sample characteristics, such as sample source, age dis-
tribution, and duration of diabetes, can influence study
outcomes. Secondly, variations in research design and
methodology, including the distinction between pro-
spective and retrospective designs, observation peri-
ods, and data collection and analysis techniques, may
also impact the consistency of results. Additionally, the
level of control for confounding factors, as well as the
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choice of statistical analysis methods—including sta-
tistical models, variable selection, and data processing
techniques—can further contribute to the differences
observed between this study and UKPDS 35. Under-
standing these factors is crucial for guiding future
research in this area.

The results of this study showed a significant inverted
U—shaped link between HbAlc levels and DR risk,
peaking at 9.4% HbAlc. This finding is key for clini-
cal and public health policy. When HbAlc is around
9.4%, DR risk is highest and then declines with fur-
ther HbA1c increases. This might be due to metabolic
memory [24], where long—term hyperglycemia forms a
metabolic memory that sustains DR risk even after gly-
cemic control. At very high HbAlc levels, this memory
is already established, so higher HbA1lc adds little to the
risk. Also, hyperglycemia-induced microvascular dam-
age [25] is partly irreversible. Once HbAlc is high, the
damage is severe, and extra increases in HbAlc cause
limited additional harm. Moreover, chronic hypergly-
cemia causes ongoing oxidative stress and inflamma-
tion [26]. When HbAlc exceeds 9.4%, these processes
might plateau, so further HbAlc increases don’t worsen
them much. This finding is also crucial for clinical and
public health policy, aiding targeted intervention strat-
egies. The early screening and monitoring of HbAlc
levels can effectively identify high-risk patients, facili-
tating early intervention and reducing the incidence of
DR. Clinically, healthcare providers can optimize dia-
betes management using these results. Patients near
the 9.4% HbAlc threshold need closer monitoring and
timely intervention. Regular HbAlc testing helps spot
DR high-risk cases early, enabling prompt ophthal-
mologist referral for comprehensive eye exams, early
DR diagnosis and treatment, and vision protection. Our
results back personalized treatment based on individual
HbAl1c levels. For patients above 9.4%, consider aggres-
sive glycemic control with complication monitoring.
For those below, balance glycemic control and hypo-
glycemia risk. This personalized approach improves
outcomes and reduces side effects. For public health
policy, the 9.4% HbAlc threshold can inform clinical
guideline updates, DR screening, and diabetes manage-
ment recommendations, standardizing care and ensur-
ing evidence—based interventions. Authorities can
develop more effective screening programs by integrat-
ing this threshold, optimizing resource allocation, and
focusing on those most likely to benefit, thus enhancing
public health initiative efficiency and cost—effective-
ness. Moreover, our study highlights the importance
of preventive diabetes care. Public health campaigns



Ling et al. BMC Ophthalmology (2025) 25:289

should stress maintaining optimal HbAlc to prevent
DR. Educational programs for healthcare professionals
and the public can boost awareness of glycemic con-
trol’s impact on eye health, promoting better diabetes
self—management.

This study demonstrates significant strengths that
enhance its scientific value and clinical applicability. Firstly,
the research design utilized a large sample size, enrolling
2,001 T2DM, which provides a solid foundation for the
statistical significance of the results. Secondly, advanced
data analysis strategies, including multivariate logistic
regression and smooth curve fitting, were employed to
explore the relationship between HbA1lc and DR in depth.
This approach not only accounted for potential confound-
ing factors but also identified nonlinear relationships,
offering a more precise risk assessment. Additionally,
the comprehensive recording of baseline characteristics,
including age, sex, BMI, blood pressure, and cholesterol
levels, enhances the interpretability and reliability of the
findings. Finally, the use of a recursive algorithm to iden-
tify inflection points and a weighted two-piecewise logistic
regression model in cases of non-linearity adds flexibil-
ity and accuracy to the analysis. In summary, the design
and analytical strategies of this study provide important
insights into the complex relationship between HbAlc and
DR, carrying significant clinical implications.

This study have some limitation. One of the limitations
of our study is the lack of control for certain confound-
ing factors, such as whether the patients smoke, the use
of statins, and lifestyle factors (e.g., diet and exercise). As
this information was not available in our original dataset,
we were unable to adjust for these relevant confounding
factors. We hope that future studies can further investi-
gate these factors to gain a more comprehensive under-
standing of their impact on the results.Although our
cross-sectional analysis revealed a significant association
between HbAlc levels and diabetic retinopathy (DR),
the one-time nature of data collection limits the ability
to draw causal conclusions. Additionally, the generaliz-
ability of our findings may be constrained, as the sample
was drawn from a specific region and medical setting. To
address these limitations, future prospective cohort stud-
ies or randomized controlled trials are needed to eluci-
date the underlying mechanisms linking HbAlc levels to
the development of DR. Longitudinal studies could track
patients’” HbA1lc levels and the progression of DR over
time, providing dynamic data to uncover more complex
relationships. Moreover, diversifying the study sample
by including patients from various regions, ethnic back-
grounds, and healthcare settings will enhance the gen-
eralizability and relevance of the findings, providing a
more robust scientific basis for the development of public
health policies.
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Conclusion

This is the first study investigated the nonlinear asso-
ciation between HbA1lc levels and DR. The results indi-
cated that the risk of DR peaks at an HbAlc level of 9.4%,
after which it begins to decline with further increases in
HbA1lc levels. These findings underscore the importance
of HbA1lc as a key biomarker for predicting and assessing
the risk of DR. The results provide significant scientific
evidence for the clinical management of diabetic patients,
suggesting that healthcare providers should closely moni-
tor HbA1c levels to reduce the incidence of DR. Further-
more, the findings offer insights for public health policy,
highlighting the necessity of regular screening and inter-
vention for diabetic patients. Future research should fur-
ther explore the underlying mechanisms linking HbAlc
to DR and consider individualized management strate-
gies for different populations to effectively mitigate the
burden of DR.
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