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Background: While elevated microalbuminuria is closely associated with arterial stiffness, the relationship between high-normal 
albuminuria and arterial stiffness remains unclear among Chinese adults with type 2 diabetes.
Objective: This study aimed to investigate the association between subclinical albuminuria and early arterial stiffness in a cohort of 
Chinese adults with T2DM, focusing on sex-specific differences and threshold effects.
Methods: In this cross-sectional study, 1119 Chinese adults with type 2 diabetes and without overt kidney or cardiovascular disease 
were enrolled. Arterial stiffness was assessed by brachial-ankle pulse wave velocity (baPWV). Participants were stratified by tertiles of 
the logarithmically transformed urinary albumin-to-creatinine ratio (lg-UACR). We employed correlation analysis to examine con
tinuous relationships and multivariable logistic regression to assess the odds of high baPWV across lg-UACR tertiles. Sex-stratified 
and restricted cubic spline analyses were conducted to explore effect modification and nonlinearity.
Results: Higher lg-UACR tertiles demonstrated a dose-dependent association with arterial stiffness risk in the overall cohort. Sex- 
stratified analysis revealed this association was statistically significant only in women. Among postmenopausal women, a threshold 
effect was observed at lg-UACR =1.1 (UACR =12.6 mg/g), beyond which the significant correlation between microalbuminuria and 
arterial stiffness was attenuated.
Conclusion: Elevated UACR in normal range is associated with arterial stiffness risk in Chinese women with type 2 diabetes, but not 
in men. Among postmenopausal women, this link is significant only below a lg-UACR threshold of 1.1 and is abolished at or above 
this level. This critical threshold effect, modulated by menopause, suggests sex-specific UACR criteria for vascular risk assessment.
Keywords: urinary albumin-creatinine ratio, brachial-ankle pulse wave velocity, arterial stiffness, type 2 diabetes

Introduction
High-normal albuminuria (urinary albumin-to-creatinine ratio, UACR), ranging from 6.36 mg/g to 30 mg/g, recognized 
as a subclinical manifestation of vascular dysfunction, is associated with an increased risk of cardiovascular events even 
among individuals without overt kidney disease.1,2 In this study, we focused on high-normal albuminuria, defined as 
UACR levels above the median of a normal population but below the microalbuminuria threshold (30 mg/g). It aligns 
with clinical concepts for identifying elevated risk within the normoalbuminuric range and ensures comparability with 
prior key studies.3,4 Accordingly, we set the UACR range at 6–30 mg/g. Our operational definition (UACR 6–30 mg/g) 
was based on: (1) consistency with prior literature; (2) alignment with the upper UACR tertile in our cohort; and (3) 
inclusion of values where cardiovascular risk begins to increase. While microalbuminuria (UACR 30–300 mg/g) is 
a well-established indicator of endothelial damage, particularly in high-risk populations,5,6 accumulating evidence 
suggests that albuminuria levels below this conventional diagnostic threshold may also signify early vascular injury.2,5 

This aligns with the Steno hypothesis, which proposes a mechanistic link between albuminuria and systemic endothelial 
dysfunction.7
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Arterial stiffness, a key driver of cardiovascular events, is commonly assessed by carotid-femoral pulse wave velocity 
(cfPWV) or brachial-ankle pulse wave velocity (baPWV).3,4,8,9 Although cfPWV is the gold standard for measuring 
aortic elasticity, its technical complexity limits widespread clinical application.9 In contrast, baPWV provides 
a noninvasive and practical alternative validated in Asian populations,3,4 including Chinese cohorts where it correlates 
strongly with hypertension and diabetes.3,4 However, significant inconsistencies persist across studies examining the 
association between albuminuria (UACR) and arterial stiffness quantified by baPWV, particularly regarding population 
characteristics and age effects. For example, Schutte et al reported a UACR-arterial stiffness association in African males 
but not Caucasians.10 In China, research on diabetic populations yields conflicting results. Huang et al identified a strong 
association between high-normal albuminuria and arterial stiffness in young adults with diabetes,3 whereas Liu et al 
reported weaker associations in older cohorts using stricter UACR thresholds.4 Thus, the sex-specific association between 
high-normal albuminuria and arterial stiffness in Chinese T2DM, particularly across menopausal status, remains 
unresolved. The key reason for inconsistent findings across studies is likely methodological variation. This includes 
insufficient age grouping, which can hide effects specific to certain age ranges. Additionally, studies often mix different 
types of vascular measurements, comparing peripheral artery stiffness (like brachial-ankle PWV) with central aortic 
function. Finally, the definition of high-normal albuminuria varies significantly, with some studies including a broad 
UACR range (6–30 mg/g) and others focusing only on values near the microalbuminuria threshold (30 mg/g).3,4 Such 
methodological variations limit clinical generalizability, particularly in China, where hypertension11 and diabetes12 

synergistically accelerate vascular aging.
To resolve these methodological inconsistencies, we conducted a Shanghai type 2 diabetes cohort study examining 

the association between high-normal albuminuria, defined as a UACR of 6–30 mg/g, and arterial stiffness quantified by 
baPWV in Chinese adults with type 2 diabetes. Key methodological improvements addressing prior heterogeneity include 
comprehensive inclusion across the age spectrum, implementation of standardized baPWV measurement protocols, and 
the application of uniform UACR thresholds. Our objective is to generate population-specific evidence for optimizing 
early cardiovascular risk stratification in this high-burden population.

Materials and Methods
Study Population
This prospective cohort enrolled adult patients with type 2 diabetes mellitus (T2DM) at the Metabolic Management 
Center (MMC), Shanghai Ruijin Hospital Luwan Branch, between March 2020 and December 2024. The MMC 
constitutes a nationwide initiative establishing standardized platforms for metabolic disease management. All centers 
adhere to identical facility designs, database structures, operational protocols, and daily workflows, facilitating uniform 
diagnosis, treatment, and longitudinal follow-up. Patients benefit from integrated care encompassing registration, 
diagnostic testing, clinical evaluation, medication dispensing, and health education within a single visit. The MMC 
project methodology has been previously detailed in publication.13 The exclusion criteria were applied in the following 
order: 1) diagnosis of other diabetes types (including type 1 diabetes mellitus, gestational diabetes, and other specific 
types, n=34); 2) participants lacking essential data (blood/urine samples (n=30) or baPWV values (n=44)); 3) estimated 
glomerular filtration rate (eGFR) <60 mL/min/1.73m2 (n=112); 4) urinary albumin-to-creatinine ratio (UACR) ≥30 mg/g 
(n=51); and 5) a documented history of cardiovascular disease (CVD) or stroke (n=93). Finally, 1119 participants were 
included in the final analysis (Figure 1).

Clinical, Anthropometric and Laboratory Measurements
Research personnel, uniformly trained in standardized protocols, conducted structured face-to-face interviews using 
a predefined questionnaire. This instrument assessed sociodemographic characteristics, individual and family medical 
histories, and lifestyle factors. Menopausal status was categorized according to World Health Organization (WHO) 
criteria: women reporting ≥12 consecutive months of amenorrhea unrelated to other pathological or physiological causes 
were classified as postmenopausal. Premenopausal status was assigned to women with regular menstrual cycles and no 
clinical indications of approaching menopause. Body mass index (BMI) was computed as weight in kilograms divided by 
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height in meters squared (kg/m2). Following the criteria established by the Cooperative Meta-Analysis Group of the 
Working Group on Obesity in China, participants with BMI < 25 kg/m2 were classified as normal weight, while those 
with BMI ≥ 25 kg/m2 were categorized as overweight/obese.14 Blood pressure measurements adhered to standardized 
protocols. Following a seated rest period of ≥5 minutes, triplicate readings were acquired at 5-minute intervals using an 
oscillometric device (Omron HEM-7200; validated by the ESH). The final blood pressure value was calculated as the 
meaning of the last two measurements. Urinary albumin-to-creatinine ratio (UACR) underwent logarithmic transforma
tion for analysis (denoted as logarithmically transformed urinary albumin-to-creatinine ratio, lg-UACR). Smoking status 
was defined as self-reported consumption of ≥100 lifetime cigarettes combined with active tobacco use within the 30 
days preceding enrollment.15 Educational attainment was categorized into two groups based on high school completion 
status. Physical activity levels, encompassing both occupational and leisure components, were evaluated against World 
Health Organization (WHO) guidelines. Participants were subsequently classified into those meeting the WHO- 
recommended threshold (≥150 minutes per week of moderate-to-vigorous activity across both domains) and those 
with inadequate activity levels.16 This study employed brachial-ankle pulse wave velocity (baPWV) as 
a comprehensive functional indicator for assessing arterial stiffness. Following a 15-minute rest period, the examiner 
assessed brachial-ankle pulse wave velocity (baPWV, cm/s) using an OMRON BP-203RPE III atherosclerosis detection 
system (China). This apparatus simultaneously captured pulse wave forms from the brachial and anterior tibial arteries on 
both sides. The principle relies on calculating baPWV from the transmission time and path length between these sites. 
The highest value obtained from the bilateral readings was designated as the result. A baPWV value ≥1400 cm/s defined 
high baPWV.17

Participants were from the National Metabolic
Management Center (MMC) of Shanghai Ruijin
Hospital Luwan Branch from March 2019 to
December 2024 (n=1483)

Enrolled in the original study(n=1449)

Diagnosed with other
types of diabetes (n=34)

missing blood or urine samples
(n = 30);
missing baPWV (n = 44), eGFR 
<60mL/min/1.73m2 (n = 112) or 
UACR ≥30 mg/g (n = 51)
and CVD or stroke (n = 93)

Subjects in present study (n=1119)

lg-UACR tertiles 1
(0.09- 0.83) (n=369)

lg-UACR tertiles 2
(0.83-1.10) (n=378)

lg-UACR tertiles 3
(1.10-1.48) (n=372)

Figure 1 The flowchart of this study.
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Fasting (≥8h) venous samples were processed under strict protocols: refrigerated at 4°C immediately post-collection, 
centrifuged ≤120 min later, and stored at −80°C as aliquots. HbA1c quantification used NGSP-certified HPLC (MQ- 
2000PT, MEDCONN). Lipid profiles (TG [AUZ5612 kit; sensitivity 0.01 mmol/L, CV<7%], TC, HDL-C, LDL-C), 
fasting glucose, and renal markers were assayed on an AU680 platform (Beckman Coulter). First-void urine determined 
ACR. eGFR was calculated via CKD-EPI China (2014). All procedures complied with ISO 15189, including daily 
calibration and 5% random duplicates (intra-assay CV<8%).18

Definition of Variables
Hypertension was defined according to the 2023 ACC/AHA guidelines as systolic blood pressure ≥140 mmHg, diastolic 
blood pressure ≥90 mmHg, or self-reported antihypertensive medication usage within the preceding two weeks.19 

Chronic kidney disease (CKD) was defined by an estimated glomerular filtration rate (eGFR) < 60 mL/min/1.73 m2 

and a urinary albumin-to-creatinine ratio (UACR) ≥ 30 mg/g.20 The composite cardiovascular disease (CVD) outcome 
encompassed documented diagnoses of coronary heart disease (CHD), stroke, or peripheral arterial disease (PAD). These 
outcomes were ascertained from prior study records.21,22 Hyperlipidemia was defined by elevated plasma levels of total 
cholesterol (≥5.17 mmol/L), LDL cholesterol (≥3.36 mmol/L), or triglycerides (≥2.26 mmol/L).23

Statistical Analysis
Statistical analyses were conducted using IBM SPSS Statistics (v.25; IBM Corp., Armonk, NY). Continuous variables 
are reported as mean ± standard deviation (SD), non-normally distributed data as median (interquartile range [IQR]), and 
categorical variables as frequencies (%). Statistical significance was defined as two-tailed P < 0.05. Spearman correlation 
was used to assess association between baPWV and metabolism indexes. Because raw UACR data often exhibits 
a skewed distribution, applying a base-10 logarithmic transformation (logarithmic transformation-urine albumin-to- 
creatinine Ratio, lg-UACR) enables the data to more closely approximate a normal distribution, thereby enhancing the 
accuracy and validity of statistical analyses. Logistic regression was used to assess the association between lg-UACR, 
categorized into tertiles based on its distribution in the cohort and high baPWV. Model 1 was adjusted for age, sex, BMI, 
smoker. Model 2 was adjusted for Model 1 plus LDL, HbA1c, eGFR, systolic blood pressure, heart rate, antidiabetic 
agents (including sodium-glucose cotransporter-2 inhibitors, SGLT-2i), hypertension, antihypertensive drugs and educa
tion status. In addition, stratified analyses by sex, BMI, HbA1c, diabetes duration, smoke, presence of hypertension were 
performed. The restricted cubic spline (RCS) analysis was applied to explore potential nonlinear correlations between the 
lg-UACR and high baPWV. Partial correlation analyses relationship between lg-UACR and baPWV after adjusting for 
age, body mass index, heart rate, systolic blood pressure, LDL-C, fasting blood glucose, eGFR. A receiver operating 
characteristic (ROC) curve analysis was used to evaluate the predictive value of lg-UACR for high baPWV, with 
performance quantified by the area under the curve (AUC).

Results
Baseline Clinical Characteristics
Baseline characteristics stratified by lg-UACR tertiles are presented in Table 1 (the lowest tertile T1: 0.09–0.83; middle 
tertile T2: 0.83–1.10; the highest tertile T3: 1.10–1.48). The mean age of the participants was 58.69 ± 11.15 years, and 
670 (59.9%) were male. No significant trends were observed across the groups in terms of age or sex distribution. 
Participants in T3 demonstrated significantly higher HbA1c (T3 vs T1: 7.11±1.83% vs 7.04±2.63%), and baPWV (1688 
(1485,1948) vs 1547(1357,1755) cm/s; P < 0.001) compared with T1. The current smoking prevalence was also 
significantly higher in T3 (P =0.011).

Correlation of Lg-UACR Levels with baPWV
Spearman correlation analysis revealed a significant positive association between baPWV and lg-UACR (r = 0.181, P < 
0.001; Figure 2). After adjustment for covariates including age, body mass index, heart rate, systolic blood pressure, 
LDL-C, fasting plasma glucose and eGFR, the partial correlation analyses demonstrated persistent positive correlations 

https://doi.org/10.2147/DMSO.S575958                                                                                                                                                                                                                                                                                                                                                                                                                                  Diabetes, Metabolic Syndrome and Obesity 2026:19 4

Xuan et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



in all participants (r = 0.203, P < 0.001). This association remained significant in sex-stratified analyses (males: r = 0.285, 
P < 0.001; females: r = 0.112, P = 0.013; in Supplementary Figure 1 A–C) after adjusting for age, body mass index, heart 
rate, systolic blood pressure, LDL-C, fasting blood glucose, eGFR.

Associations of Lg-UACR with High baPWV
Building upon these correlations, we further examined the relationship between lg-UACR tertiles and elevated baPWV 
risk to assess clinical relevance. Multivariable-adjusted logistic regression analyses demonstrated progressively higher 
odds of high baPWV with increasing lg-UACR levels in the overall cohort. Compared to the reference tertile (T1), both 
T2 and T3 showed statistically significant associations after sequential adjustment in Model 1 and Model 2, with T3 
exhibiting an adjusted OR of 2.23 (95% CI 1.41–3.52) in the fully adjusted model (Figure 3).

Prespecified subgroup analyses stratified by key clinical variables including age, sex, BMI, diabetes duration, 
education, smoking status, hypertension status, although some subgroups had confidence intervals crossing the null 
value (Figure 4). Notably, sex-specific analyses demonstrated differential risk patterns: whereas males exhibited 
attenuated associations after multivariable adjustment (T2-T3 vs T1: OR 1.58, 95% CI 0.87–2.84), females maintained 
significantly elevated risk (T2-T3 vs T1: OR 4.22, 95% CI 1.94–9.16).

Receiver operating characteristic (ROC) analysis evaluated the discriminative capacity of lg-UACR for elevated 
baPWV (Supplementary Figure 2). The area under the curve (AUC) was 0.583 (95% CI 0.502–0.679) in the overall 

Table 1 Characteristics of the Participants in Lg-UACR Tertiles Groups (n = 1119)

Total T1 
(0.09–0.83)

T2 
(0.83–1.10)

T3 
(1.10–1.48)

P for Trend

No. of participants (%) 1119 369(32.9) 378(33.7) 372(33.2)

Age at baseline (year) 58.69±11.15 57.62±11.18 58.93±11.54 59.52±10.67 0.153

Male (%) 670(59.9) 218(58.9) 242(63.9) 210(56.9) 0.287
BMI (kg/m2) 25.91±4.01 26.09±4.30 26.09±3.98 25.56±3.71 0.249

WC (cm) 92.47±10.76 92.82±11.53 93.21±10.79 91.37±10.10 0.131

SBP (mmHg) 127.99±18.98 128.17±19.10 127.77±19.48 128.03±18.42 0.972
DBP (mmHg) 74.97±11.08 76.16±11.53 74.76±11.11 74.01±10.50 0.092

Heart rate (bps) 81.02±11.63 81.26±11.78 81.22±12.10 80.57±10.99 0.273
FBG (mmol/L) 6.70(5.80,8.00) 6.40(5.40,7.80) 6.70(5.70,7.80) 6.90(5.90,8.00) 0.900

HbA1C (%) 7.08±2.12 7.04±2.63 7.04±2.30 7.11±1.83 0.012
TG (mmol/L) 1.97±1.98 1.97±2.14 2.00±2.20 1.92±1.53 0.905
TC (mmol/L) 4.94±1.29 4.96±1.33 4.97±1.33 4.89±1.20 0.732

HDL-C (mmol/L) 1.15±0.27 1.15±0.25 1.14±0.26 1.16±0.29 0.695

LDL-C (mmol/L) 3.17±0.94 3.18±0.98 3.19±0.95 3.13±0.91 0.793
eGFR (mL/min/1.73 m2) 98.89±11.13 95.87±12.01 94.89±11.25 91.53±12.09 0.666

uACR (mg/g) 9.24(5.79,15.54) 4.99(3.81,5.78) 9.20(7.98,10.71) 19.54(15.54,24.11) <0.001
lg-UACR 0.96(0.76,1.19) 0.70(0.58,0.76) 0.96(0.90,1.03) 1.29(1.19,1.38) <0.001
baPWV (cm/s) 1592(1391,1834) 1547(1357,1755) 1614(1429,1854) 1688(1485,1948) <0.001
Hypertension, (%) 600(53.6) 178(48.4) 221(58.3) 201(54) 0.082

ACEI/ARB, (%) 382(34.2) 119(32.1) 141(37.3) 122(33.1) 0.428
GLP-1RA, (%) 38(3.4) 14(3.7) 14(3.6) 10(2.8) 0.851

SGLT-2i, (%) 152(13.5) 48(13) 50(13.1) 54(14.5) 0.895

Current smoker (%) 360(32.2) 108(29.2) 148(39.3) 104(27.9) 0.011
Education (≥high school), % 972(86.7) 325(88.2) 333(88.1) 314(84.2) 0.336

Notes: Data are expressed as mean ± SD, median [interquartile range], or n (%), as appropriate. T1, T2, T3 represent tertiles based on the log- 
transformed urinary albumin-to-creatinine ratio (lg-UACR), with ranges as indicated. Bolded values indicate P < 0.05. 
Abbreviations: BMI, body mass index; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; FPG, fasting plasma 
glucose; TC, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein; LDL-C, low density lipoprotein cholesterol; eGFR, estimated 
glomerular filtration rate; uACR, urinary albumin creatinine ratio; lg-UACR, Log-transformed albumin-to-creatinine ratio; ACEI, angiotensin- 
converting enzyme inhibitors; ARB, angiotensin II receptor blocker; GLP-1RA, glucagon-like peptide-1 receptor agonist; SGLT-2i, sodium-glucose co- 
transporter-2 inhibitor.

Diabetes, Metabolic Syndrome and Obesity 2026:19                                                                          https://doi.org/10.2147/DMSO.S575958                                                                                                                                                                                                                                                                                                                                                                                                       5

Xuan et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/575958/575958%20Revised%20Supplementary%20Materials.pdf
https://www.dovepress.com/article/supplementary_file/575958/575958%20Revised%20Supplementary%20Materials.pdf
https://www.dovepress.com/article/supplementary_file/575958/575958%20Revised%20Supplementary%20Materials.pdf


cohort. Sex-stratified analyses yielded AUCs of 0.564 (95% CI 0.502–0.639) in males and 0.626 (95% CI 0.583–0.688) 
in females.

Nonlinear Relationship Between Lg-UACR with High baPWV
RCS analysis demonstrated a nonlinear association between lg-UACR and high baPWV (Figure 5). After adjusting for 
age, sex, BMI, and other covariates, the risk of high baPWV increased significantly with higher lg-UACR levels in all 
participants and in women. However, sex-stratified analysis revealed no significant association in men. Given that 
menopausal status is a significant determinant of cardiovascular pathology, we stratified female participants by meno
pausal status and found no significant association in premenopausal women. Furthermore, the risk increased progres
sively until lg-UACR > 1.1 (UACR ≥ 12.6 mg/g) in postmenopausal women. To further investigate this threshold effect 
in the vulnerable group, we specifically evaluated the association between lg-UACR (<1.1 vs ≥1.1) and high baPWV in 
postmenopausal women (Table 2). Using participants with lg-UACR ≥1.1 as the reference, logistic regression analyses 
consistently showed a significantly higher risk of high baPWV for those with lg-UACR <1.1 (Crude: OR = 2.43, 95% CI 
1.25–4.23; Model 1: OR = 2.46, 95% CI 1.27–4.80; Model 2: OR = 2.36, 95% CI 1.19–4.68). This finding robustly 
supports the RCS-derived observation of an increased arterial stiffness risk below the lg-UACR threshold of 1.1 in 
postmenopausal women.

Discussion
In this cohort study of Chinese individuals with diabetes, we established several pivotal findings. Firstly, a dose- 
dependent association was observed between higher lg-UACR tertiles and arterial stiffness risk across the entire cohort, 
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Figure 2 Correlation of lg-UACR levels with baPWV.
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0 1 2 3 4

Source Odds Ratio 95%CI P Value

Lg-UACR continue 3.15 1.62-6.12 <0.001

Lg-UACR tertiles
Crude

T1 1.00 ref ref
T2 1.87 (1.23-2.83) 0.003
T3 2.20 (1.43-3.40) <0.001

Model 1
T1 1.00 ref ref
T2 1.91 (1.25-2.91) 0.003
T3 2.19 (1.42-3.39) <0.001

Model 2
T1 1.00 ref ref
T2 1.98 (1.28-3.07) 0.002
T3 2.23 (1.41-3.52) <0.001

Figure 3 Odds ratios for High baPWV at Tertiles of lg-UACR (lg-UACR: the base-10 logarithmically transformed urinary albumin-to-creatinine ratio). Model 1was adjusted 
for age, sex, BMI, smoker. Model 2 was adjusted for model 1 plus LDL, eGFR, education status, systolic blood pressure, heart rate, hypertension, anti-diabetes agents, anti- 
hypertension drug.

Figure 4 Stratified analyses odds ratios for High baPWV at Tertiles of lg-UACR was adjusted for LDL, eGFR, education status, systolic blood pressure, heart rate, 
hypertension, anti-diabetes agents, anti-hypertension drug.
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Figure 5 The relationship between lg-UACR and the risk of high baPWV using restricted cubic spline (RCS). The odds ratios for baPWV (solid line) and 95% confidence 
intervals are presented. Adjusts for age, sex, BMI, current smoker, LDL, HbA1c, eGFR, education status, systolic blood pressure, heart rate, hypertension, anti-diabetes 
agents and anti-hypertension drug. (A) The nonlinear relationship between the lg-UACR and risk of high baPWV in all participants. (B)The nonlinear relationship between 
the lg-UACR and risk of high baPWV in men. (C)The nonlinear relationship between the lg-UACR and risk of high baPWV in women. (D)The nonlinear relationship between 
the lg-UACR and risk of high baPWV in premenopausal women. (E) The nonlinear relationship between the lg-UACR and risk of high baPWV in postmenopausal women.

https://doi.org/10.2147/DMSO.S575958                                                                                                                                                                                                                                                                                                                                                                                                                                  Diabetes, Metabolic Syndrome and Obesity 2026:19 8

Xuan et al                                                                                                                                                                            

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



with individuals in the highest tertile exhibiting a 2.23-fold increased risk compared to the lowest tertile in the fully 
adjusted model (Model 2). Secondly, sex-stratified analyses demonstrated this association remained statistically sig
nificant exclusively in women. This suggests potential sex-based pathophysiological divergence. Despite non-significant 
interaction testing, sex-stratified analyses were retained due to established biological plausibility of sexual dimorphism in 
disease mechanisms and clinical guidelines mandating sex-specific risk assessment. Finally, and most notably, post
menopausal women displayed a threshold effect at lg-UACR =1.1, the high-normal albuminuria-arterial stiffness 
correlation disappeared when lg-UACR reached ≥1.1, suggesting menopausal transition may critically modulate vascular 
susceptibility to albuminuria. Although the standalone discriminative capacity of lg-UACR was modest (AUC 0.626 in 
females), its significant subclinical associations challenge current diagnostic paradigms that disregard normal-range 
albuminuria.

Urinary albumin-to-creatinine ratio is a validated biomarker for albuminuria and renal impairment, with established 
associations to cardiovascular and all-cause mortality. Although 30 mg/g remains the conventional upper normal limit, 
contemporary studies report substantially lower population mean values. Importantly, cardiovascular risk increases 
continuously across UACR levels, including values below 30 mg/g, demonstrating a biological risk continuum that 
supports threshold redefinition.24

These findings consolidate prior evidence linking high-normal albuminuria to vascular damage in metabolic dis
orders. Specifically, our observation of a dose-dependent UACR-arterial stiffness relationship extends similar patterns 
reported in young diabetic adults3 and broader cohorts,4 reinforcing albuminuria’s role as a continuum biomarker of 
vascular risk. This vascular continuum extends beyond arterial stiffness phenotypes. Population-based evidence from 
independent cohorts indicates that the higher UACR within the normal range was independently associated with carotid 
atherosclerotic lesions accessed by carotid intima-media thickness (cIMT) in community-based patients with type 2 
diabetes.25 In this cohort of individuals with diabetes, high-normal albuminuria independently associated with elevated 
arterial stiffness, as quantified by brachial-ankle pulse wave velocity. Participants exhibiting high-normal albuminuria 
demonstrated adverse metabolic profiles, including significantly higher fasting blood glucose, HbA1c, and smoking 
prevalence. These concomitant cardiovascular risk factors may partially mediate the observed association, yet high- 
normal albuminuria retained robust independence as a biomarker of arterial stiffness after multivariable adjustment for 
conventional risk factors. Importantly, this independence manifests clinically as divergent sex-specific risk profiles: our 
findings corroborate established female-predominant associations between albuminuria and carotid atherosclerosis, with 
amplified arterial vulnerability in women in this study.26 The absence of association in males aligns with ethnic 
heterogeneity reported by Schutte et al,10 potentially reflecting earlier vascular pathology in men.

Critically, the risk threshold we identified (lg-UACR = 1.1, corresponding to a UACR of 12.6 mg/g) lies well below 
the conventional microalbuminuria cutoff of 30 mg/g. This UACR level of 12.6 mg/g is substantially lower than the near- 
microalbuminuria range (UACR 25–30 mg/g) often linked to vascular risk in older diabetic cohorts.9 These findings 
highlight that clinically significant vascular susceptibility, particularly in women with T2DM, manifests at albuminuria 
levels (UACR <30 mg/g) far lower than traditionally recognized. This sex-specific vulnerability profile underscores the 
potential of UACR = 12.6 mg/g as an early warning signal for arterial stiffening risk in this high-risk group. The sex- 

Table 2 Odds Ratios for High baPWV at Lg-UACR of Cut-off 1.1 in Postmenopausal 
Women

High baPWV (>1400cm/s)

Crude Unadjusted Model 1 Model 2

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

lg-UACR≥1.1 ref ref ref

lg-UACR<1.1 2.43(1.25–4.23) 0.009 2.46(1.27–4.80) 0.010 2.36(1.19–4.68) 0.001

Notes: Model 1was adjusted for age, sex, BMI, smoke. Model 2 was adjusted for model 1 plus LDL, HbA1c, 
eGFR, education status, systolic blood pressure, heart rate, hypertension, anti-diabetes agents, anti-hypertension 
drug. lg-UACR ≥ 1.1 was used as the reference group.
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specific vulnerability profile suggests clinically meaningful vascular susceptibility in women at subthreshold albuminuria 
levels (UACR <30 mg/g), conceptually extending Huang et al’s population-level observations toward personalized risk 
stratification.8 Critically, in postmenopausal women, we identified a distinct nonlinear, threshold-dependent relationship 
between lg-UACR and arterial stiffness (Figure 5A–E, Table 2). The risk of high baPWV increased progressively with 
rising lg-UACR until reaching a critical point of approximately 1.1 (UACR ≈ 12.6 mg/g), beyond which the association 
plateaued (Figure 5E). This pattern suggests a biphasic pathological model. Within the high-normal range, albuminuria 
likely acts as a dynamic biomarker of ongoing endothelial dysfunction and potentially reversible vascular remodeling. 
However, once this lg-UACR threshold of 1.1 is surpassed, the disease process may transition into a phase dominated by 
irreversible structural alterations (eg, medial calcification, collagen deposition). In this advanced phase, functional 
biomarkers like UACR lose incremental predictive sensitivity for arterial stiffness progression, which may explain the 
observed risk plateau. This threshold, potentially modulated by postmenopausal estrogen deficiency, may thus represent 
a pivotal transition from functional vascular disturbance to fixed arteriosclerotic pathology.

Estrogen deficiency drives this process through progressive elastin degradation27,28 and hemodynamic stress, creating 
a self-perpetuating vascular-renal cycle. Concurrently, chronic low-grade inflammation and endothelial 
hyperpermeability1 facilitate atherogenic lipoprotein retention and elastin degradation in the arterial external elastic 
lamina,4 culminating in irreversible structural remodeling. Sex hormones, particularly estrogen, exert significant effects 
on vascular integrity. In premenopausal women, estrogen confers potent vascular protection by enhancing nitric oxide 
(NO) bioavailability and suppressing angiotensin activity, thereby mitigating endothelial injury.29 Following menopause, 
however, the marked decline in estrogen eliminates this protective effect. Estrogen deficiency is associated with 
heightened oxidative stress and accumulation of advanced glycation end-products (AGEs),27 accelerating the transition 
from reversible endothelial dysfunction to irreversible arterial stiffening and structural remodeling.

An lg-UACR >1.1 marks an accelerated pathological shift, particularly in postmenopausal women.27 This threshold 
effect is critically driven by estrogen deficiency. Elevated UACR primarily reflects systemic endothelial dysfunction. 
Concurrently, increased arterial stiffness reduces aortic-peripheral pressure gradients, transmitting amplified pulsatile 
energy to the renal microvasculature and driving glomerular hyperfiltration – establishing a hemodynamically-mediated 
bidirectional vascular-renal vicious cycle27 Chronic low-grade inflammation and endothelial hyperpermeability further 
facilitate atherogenic lipoprotein retention and elastin degradation within the arterial external elastic lamina,4 culminating 
in irreversible structural changes. Therefore, lg-UACR >1.1 marks the exacerbation of vascular-renal dysfunction, driven 
by estrogen deficiency. Beyond this threshold, the plateau in baPWV risk may reflect completed structural remodeling 
where functional biomarkers like UACR lose sensitivity, necessitating imaging-based assessments. Consistent with the 
RCS-derived threshold, logistic regression confirmed no incremental arterial stiffness risk beyond lg-UACR >1.1 in 
postmenopausal women. This suggests that UACR loses discriminative power for vascular remodeling after surpassing 
this critical point, likely due to irreversible structural changes.

Additionally, the observed disparity in SGLT-2i usage (significantly lower in women: 10.5% vs 17.4% in men, 
p=0.002) represents a potential confounding factor. Given the established effects of SGLT-2i on reducing both 
albuminuria30 and arterial stiffness,31 this differential treatment exposure might have contributed to the attenuated 
association observed in males. However, this remains a hypothesis-generating observation based on cross-sectional 
data; future longitudinal studies specifically accounting for antidiabetic medication regimens, particularly SGLT-2i use, 
are warranted to clarify its role in sex-specific vascular risk associations.

These findings carry direct implications for clinical risk assessment in Chinese T2DM patients. Our results advocate 
for a sex-stratified approach: Specifically, in women with type 2 diabetes, particularly those who are postmenopausal, 
cardiovascular risk stratification should consider UACR levels well below the conventional microalbuminuria threshold. 
We propose that a UACR value of 12.6 mg/g (lg-UACR = 1.1) could serve as a critical indicator to trigger more intensive 
vascular evaluation, such as baPWV screening, even in the absence of overt albuminuria. Implementing such targeted 
screening based on this lower, sex-specific UACR threshold may facilitate earlier identification of arterial stiffening and 
allow for timely preventive interventions.

Beyond the primary findings, our results can be further contextualized within a growing conceptual framework that 
distinguishes different dimensions of arterial stiffness—namely, its positional, functional, and structural components. The 
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baPWV employed in our study is best characterized as a composite, integrative functional biomarker, providing 
a clinically practical measure of overall arterial function. Consequently, the association we observed between elevated lg- 
UACR and increased baPWV primarily reflects a link between subclinical albuminuria and impaired integrated arterial 
function. Our study design, employing baPWV as a composite functional measure, does not permit delineation of whether 
this association is driven more by structural remodeling of large arteries, localized endothelial dysfunction in the 
microvasculature, or a combination thereof. To move beyond this integrative assessment and pinpoint the primary 
anatomical and functional loci of albuminuria-associated vascular injury, future studies that combine baPWV with 
modality-specific techniques will be essential.

There were still some limitations in this research. First, the single-center design and exclusive focus on Chinese adults 
with type 2 diabetes may limit the generalizability of findings to populations with distinct ethnic backgrounds or 
albuminuria etiologies. Second, the cross-sectional nature of the data precludes causal inferences; longitudinal studies 
are required to delineate temporal relationships between UACR and arterial stiffening. Third, unmeasured confounders— 
such as menopausal hormone therapy, inflammatory cytokines, and genetic polymorphisms—could partially explain the 
observed associations. Fourth, the modest predictive accuracy of lg-UACR (AUC: 0.583–0.626) underscores the need for 
composite models incorporating novel biomarkers to improve clinical utility. While the AUC in females (0.626) indicates 
modest predictive utility, its clinical applicability may be enhanced through integration with established cardiovascular 
risk biomarkers. Finally, while the identified threshold (lg-UACR >1.1) aligns with mechanistic studies of vascular 
remodeling, its universal applicability requires validation in multiethnic cohorts.

Conclusion
In conclusion, elevated lg-UACR within the high-normal range independently predicts arterial stiffness in Chinese adults 
with type 2 diabetes, with a critical sex-specific threshold in postmenopausal women. These findings advocate for sex- 
stratified vascular risk assessment below conventional albuminuria thresholds and support lg-UACR-guided baPWV 
screening in high-risk populations. As part of the Metabolic Management Cohort (MMC), a nationwide Chinese diabetes 
cohort study, we will further conduct longitudinal investigations within this population to validate these associations and 
explore their temporal dynamics. Future research should prioritize multiethnic validation of UACR cutoffs, mechanistic 
exploration of estrogen-albuminuria interactions, and development of integrated biomarker panels combining UACR 
with inflammatory or genetic markers to optimize cardiovascular risk prediction and guide targeted interventions.
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