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Abstract 

Aims

To investigate whether optimal glycemic control is associated with all-cause mor-

tality, cardiovascular disease mortality, diabetes-related mortality, cancer-related 

mortality, and complications among individuals with early-onset and late-onset 

T2D.

Methods

We conducted a retrospective cohort study using data from the U.S. National 

Health and Nutritional Examination Survey (NHANES)1999–2818. Optimal glyce-

mic control was defined as HbA1c<7%, and poor glycemic control as HbA1c≥9%. 

Mortality and underlying causes of death were ascertained by linkage to national 

death records through 31 December 2019. Cox proportional hazards regression 

models adjusted for age, sex, race, education, body mass index (BMI), hyper-

tension, smoking status, alcohol consumption, and physical activity were used to 

estimate hazard ratios (HRs) and 95% confidence intervals (CIs) for associations 

between HbA1c levels and mortality. Logistic regression models with the same 

covariates were employed to calculate odds ratios (ORs) and 95% CIs for compli-

cations, supplemented by sensitivity analyses to evaluate the robustness of the 

findings.

Results

Among the 5946 participants with diabetes, 18.8% were classified as having 

early-onset T2D (aged < 40 years), 28.7% as having late-onset T2D (aged ≤ 60 

years), and 52.5% had average-onset T2D. For individuals with early-onset T2D, 
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the poorly controlled group (HbA1c≥9%) had HRs of 2.00 (95% CI, 1.30–3.09; 

P = 0.002) for all-cause mortality and 10.04 (95% CI, 2.57–39.32; P = 0.001) for 

diabetes-related mortality versus the optimal controlled group (HbA1c<7%). The 

poorly controlled group had odds of 1.80 (95% CI, 1.10–2.94; P = 0.022) for retinop-

athy and 2.54 (95% CI, 1.65–3.92; P < 0.001) for chronic kidney disease (CKD) ver-

sus the optimal controlled group. For individuals with late-onset T2D, the HRs were 

0.87 (HR 0.87; 95% CI, 0.54–1.40; P = 0.561) for all-cause mortality and 1.24 (95% 

CI, 0.33–4.67; P = 0.751) for diabetes-related mortality compared with the optimal 

controlled group. The poorly controlled group had odds of 2.12 (95% CI, 1.32–3.41; 

P = 0.002) for retinopathy and 2.30 (95% CI, 1.45–3.63; P = 0.001) for CKD versus 

the optimal controlled group.

Conclusion

Optimal glycemic control was associated with a reduced risk of all-cause mortal-

ity, diabetes-related mortality, retinopathy, and CKD in individuals with early-onset 

T2D; however, in individuals with late-onset T2D, this correlation was limited to 

lower risks of retinopathy and CKD. These findings suggest that glycemic control 

strategies should be tailored on the basis of the age of diabetes onset.

Introduction

Diabetes mellitus affects approximately 1 in 10.5 adults worldwide, with 90% of 
cases being T2D. This condition has become a critical public health challenge of the 
21st century [1,2]. T2D is a chronic metabolic disorder characterized by progressive 
insulin resistance and subsequent hyperglycemia [3]. Prolonged hyperglycemia 
increases the risk of microvascular and macrovascular complications, leading to 
premature death or disability [4]. Therefore, controlling hyperglycemia is fundamental 
to diabetes management [5]. Historically, the main strategy used to reduce complica-
tions of T2D has been intensive glycemic control [6]. Importantly, T2D often occurs 
in middle-aged or older adults [7], so the above conclusions are drawn mainly for 
this patient group. However, an increasing number of young people are also being 
diagnosed with diabetes, and it remains unclear whether optimal glycemic control has 
different correlations with mortality and complications in individuals with early-onset 
and late-onset T2D.

The classification of T2D into early-onset (diagnosis <40 years) and late-onset 
(diagnosis ≥60 years) disease is not merely a chronological distinction but reflects 
profound differences in pathophysiology, disease trajectory, and clinical manage-
ment [8,9]. Compared with late-onset T2D, early-onset T2D is characterized by 
accelerated β-cell dysfunction and severe insulin resistance [10]. Younger indi-
viduals often present a disproportionately high burden of visceral adiposity and 
metabolic syndrome, driving rapid β-cell exhaustion [10,11]. Critically, the extended 
disease duration in early-onset T2D, often spanning decades, amplifies cumulative 
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exposure to hyperglycemia, leading to earlier onset of microvascular complications and premature cardiovascular 
events [12,13]. Early-onset patients demonstrate an attenuated response to conventional stepwise therapy [14]. Nota-
bly, since the 2000s, the incidence and prevalence of T2D in young people have increased dramatically [8], empha-
sizing the importance of researching early-onset T2D. Additionally, the optimal HbA1c management in this population 
remains poorly defined [15,16].

Therefore, this study aimed to investigate any disparities in the associations of glycemic control with mortality and 
diabetes-related complications between individuals with early- and late-onset T2D. Moreover, owing to the relatively low 
prevalence of T2D in young people, data on early-onset T2D are scarce, which impedes the recruitment of such individ-
uals for research studies. To fill these knowledge gaps, we conducted a comprehensive assessment of the associations 
between HbA1c levels and various outcomes, including all-cause mortality, CVD-related mortality, diabetes-related mortal-
ity, and diabetes-related complications. This investigation was carried out among a large, nationally representative sample 
of U.S. adults with both early-onset and late-onset T2D.

Materials and methods

Research design

The NHANES is conducted in the U.S. by the National Center for Health Statistics of the Centers for Disease Control and 
Prevention. It began in the early 1960s and was conducted as a series of surveys focusing on different population groups 
or health topics [17]. The survey is unique in that it combines interviews, standardized physical examinations and labora-
tory tests [18]. The full methodology of data collection is available, and the data used in this study are publicly available 
(https://wwwn.cdc.gov/nchs/nhanes/default.aspx).

In this retrospective cohort study, we included participants with diabetes (≥18 years of age) from 10 cycles of the 
NHANES from 1999--2018. We defined diabetes on the basis of participants’ self-reported physician diagnosis of diabe-
tes. In total, 6699 participants met the diagnostic criteria for diabetes. Participants were excluded if they were pregnant 
(n = 18), as gestational diabetes requires distinct management strategies that may confound the analysis of T2D-specific 
outcomes. Individuals with type 1 diabetes (n = 17) were excluded because of differences in disease etiology and treat-
ment. Participants with missing HbA1c data (n = 609) were excluded to ensure accurate categorization of glycemic control. 
A total of 5946 participants with T2D were included. We divided the participants into three groups according to age at 
diagnosis of T2D (early-onset: < 40 years of age, average-onset: 40 ≤ or < 60 years, and late-onset: > 60 years) [9]. Accord-
ing to the results of epidemiological research and clinical practice, the average age of diabetes diagnosis falls between 
40 and 60 years in most cases. Among those included, 1119 participants were in the early-onset cohort, and 1712 partici-
pants were in the late-onset cohort.

Ethical approval declarations

The survey protocols of the NHANES were approved by the Research Ethics Review Board of the National Center for 
Health Statistics (https://www.cdc.gov/nchs/nhanes/irba98.htm), and all survey participants provided written informed con-
sent. Therefore, no further ethical approval or informed consent was needed.

Exposure measurement

We categorized HbA1c levels measured by the NHANES team into three groups: optimal controlled (HbA1c level, < 7%) 
[19], moderately controlled (7%–8.9%) [20], and poorly controlled (≥9%) [20]. HbA1c was measured in the first laboratory 
on the Primus CLC330 (from 1999–2004) and then in the second laboratory on the Tosoh A1C 2.2 Plus (from 2005–2006). 
From 2007–2010, HbA1c was measured in the second laboratory on the Tosoh A1C G7 [20]. From 20011–2018, HbA1c 
was measured in the second laboratory at Tosoh A1C G8.

https://wwwn.cdc.gov/nchs/nhanes/default.aspx
https://www.cdc.gov/nchs/nhanes/irba98.htm
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Prescription medications

The participants were asked to report prescription medications they had taken in the past 30 days and to bring medication 
bottles to the examination, where the information was documented. Insulin was determined on the basis of a review of 
medications provided by the participants or self-reported information, as not all participants may have brought their insulin 
vials or pens to the examination.

Ascertainment of mortality

We utilized the NHANES Public-Use Linked Mortality File, which is linked to the National Death Index (NDI) data through 
31 December 2019 (https://www.cdc.gov/nchs/data-linkage/mortality-public.htm). To determine the mortality status of our 
study participants, we used a probabilistic matching algorithm. The NDI is a centralized database [21] of all deaths in the 
United States. The cause-specific mortality data available in the NDI have been shown to accurately classify deaths. We 
identified the underlying cause of death via the International Statistical Classification of Diseases, 10th Revision [22].

Assessment of covariates

The participants’ height (cm) and weight (kg) were measured to determine their BMI. BMI was calculated as weight in kilo-
grams divided by height in meters squared, normal was defined as a BMI < 25 kg/m2, overweight was defined as a 25 kg/
m2 < BMI < 29.9 kg/m2, and obesity was defined as a BMI ≥ 30 kg/m2 [23]. Hypertension was defined as an SBP value ≥140 
mmHg and/or a diastolic blood pressure value ≥90 mmHg [24]. The laboratory methods used to measure HbA1c, the lipid 
profile, and the levels of ALT, AST, creatinine, blood urea nitrogen (BUN), fasting insulin, and fasting plasma glucose are 
reported in detail in the NHANES. Insulin resistance was estimated via homeostasis model assessment (HOMA-IR) via 
the following formula: fasting insulin (μU/mL) * fasting plasma glucose (mmol/L)/22.5 [25]. Chronic kidney disease [26] 
was identified on the basis of an estimated glomerular filtration rate of less than 60 mL/min/1.73 cm2, which was calculated 
via the Chronic Kidney Disease Epidemiology Collaboration equation [27]. The participants were classified as nonsmok-
ers, former smokers, or current smokers according to their responses about smoking. Educational level was calculated by 
the highest grade or level of school or the highest degree. The physically active levels were determined via survey ques-
tionnaires. Being physically active was defined as participating in moderate-intensity or vigorous sports, fitness programs, 
or recreational activities for more than 10 minutes per week [28].

Statistical analysis

All analyses were conducted using R Statistical Software, version 4.2, accounting for the complex survey design of the 
NHANES. We used appropriate weighting for each analysis, as suggested by the National Center for Health Statistics. 
Data are expressed as numbers and weighted proportions for categorical variables and as weighted means ± SDs for 
continuous variables. Variables with a skewed distribution were naturally log-transformed to meet normality criteria. The 
participants were stratified into 3 groups according to their HbA1c levels. Linear regression for continuous variables and 
the χ2 test for categorical variables were used to detect differences across the 3 groups. Multivariate Cox proportional 
hazards regression models were used to compute HRs and 95% CIs for the associations of HbA1c levels with the risk 
of all-cause mortality, CVD-related mortality, diabetes-related mortality and cancer-related mortality. Multivariable logistic 
regression models were used to compute ORs and 95% CIs for the associations of HbA1c levels with the risk of retinopa-
thy, CKD and CVD. Cox proportional hazards and logistic regression models were adjusted for age, sex, race, education, 
body mass index, duration of diabetes, hypertension, smoking, drinking, physical activity, diabetes mellitus treatment, 
comorbidities (retinopathy, CVD, tumor), ALT, AST, BUN, SUA, TG, TC, HDL, LDL, and CRP. Schoenfeld residuals tests 
and time-dependent covariate analysis were used to confirm that the proportional hazards assumption was met for all 
covariates in our Cox models. Stratified analyses were performed in the strata of age, sex, race or ethnicity (white and 

https://www.cdc.gov/nchs/data-linkage/mortality-public.htm


PLOS One | https://doi.org/10.1371/journal.pone.0322886  May 23, 2025 5 / 16

nonwhite), duration of diabetes (<5 years, 5–10 years, ≥ 10 years), BMI (<25, 25–29.9, ≥ 30 kg/m2), hypertension (yes or 
no), smoking (never, ever or now), alcohol intake, drinks/day (0, 1–2, > 2), physical activity (low intensity, moderate inten-
sity, high intensity), hyperlipidemia (yes or no), CKD (yes or no), and diabetes mellitus treatment (insulin, insulin+oral 
medications, oral medications, no pharmacotherapy). To model potential nonlinear relationships, weighted restricted cubic 
splines (RCS) with 3 knots at the 10th, 50th, and 90th HbA1C percentiles were used to visualize associations between 
HbA1c levels and mortality or diabetes complications. In addition, several sensitivity analyses were conducted to examine 
the robustness of the main results. First, to minimize the possibility of reverse causality and exclude secondary diabetes 
due to pancreatic pathology (e.g., chronic pancreatitis or pancreatic cancer), we excluded patients with pancreatic dis-
eases and tumors at the baseline examination. Second, we evaluated participants who died within 2 years of follow-up 
to account for potential survival bias. Third, participants who had a history of anemia at baseline were further excluded 
to reduce measurement bias in HbA1c interpretation, as anemia may independently affect glycated hemoglobin levels. 
Fourth, participants who had a history of CVD were excluded to isolate the direct association between HbA1c and out-
comes without confounding by pre-existing cardiovascular morbidity. A two-tailed value of P < 0.05 was considered statisti-
cally significant.

Results

Characteristics of the participants at baseline

A total of 5946 participants were diagnosed during the NHANES 1999–2018, including 18.8% early-onset T2D participants 
who had a diagnostic age < 40 years, 28.7% late-onset T2D participants who had a diagnostic age ≥ 60 years and 52.5% 
with average-onset T2D. The characteristics of the study sample are presented in Table 1. The participants had a mean age 
of 62.0 (±13.2) years and were predominantly male (51.7%). Among participants with early-onset T2D, the mean age at 
diagnosis was 31.1 (±6.2) years, with a mean disease duration of 17.1 (±13.9) years. In this group, 55.4% were identified as 
women. Regarding the treatment of diabetes, 41.2% used insulin, 38.7% relied on oral hypoglycemic drugs, and 20.1% did 
not receive medication. Among the participants with late-onset T2D, the mean age at diagnosis was 66.8 (±6.0) years, the 
mean disease duration was 6.6 (±5.4) years, and 45.5% were women. In the treatment of diabetes, 16.8% of participants 
used insulin, 67.4% took oral hypoglycemic drugs, and 15.9% did not receive treatment. In addition, early-onset participants 
had higher BMI, fasting glucose, HbA1c, insulin resistance index, CRP, total cholesterol, total triglycerides, LDL cholesterol 
and eGFR. Late-onset participants had higher BUN, creatinine, and SUA levels. Both early- and late-onset participants 
had more severe insulin resistance and CRP levels in the high HbA1c group (S1 and S2 Tables). Among participants with 
early-onset T2D, approximately 40% had HbA1c levels below 7%, whereas among participants with late-onset T2D, over 
60% had HbA1c levels below 7%. Notably, this trend remained unaltered from 1999–2018 (S1 Fig).

Associations of glycemic control with all-cause mortality, CVD-related mortality, diabetes-related mortality and 
cancer-related mortality

In the fully adjusted model, the adjusted HRs for early-onset participants with T2D in the poorly controlled group were 2.00 
(95% CI, 1.30–3.09; P = 0.002) for all-cause mortality, 10.04 (95% CI, 2.57–39.32; P = 0.001) for diabetes-related mortality, 
1.81 (95% CI, 0.85–3.85; P = 0.125) for CVD-related mortality and 0.52 (95% CI, 0.12–2.23; P = 0.377) for cancer-related 
mortality, compared with those in the optimal controlled group.

Compared with those in the optimal controlled group, the adjusted HRs for late-onset participants with T2D in the 
poorly controlled group were 0.87 (95% CI, 0.54–140; P = 0.561) for all-cause mortality, 1.24 (95% CI, 0.33–4.67; 
P = 0.751) for diabetes-related mortality, 0.64 (95% CI, 0.30–1.38; P = 0.252) for CVD-related mortality and 1.16 (95% 
CI, 0.33–4.06; P = 0.815) for cancer-related mortality (Table 2). In addition, CVD and diabetes were the two main 
causes of death in early-onset T2D patients, and CVD and cancer were the two main causes of death in late-onset T2D 
patients (S2 Fig).
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Table 1.  Basic demographic, behavioral, and biochemical profiles and complication characteristics of patients with diabetes by age at diagno-
sis in the NHANES (1999--2018).

Total Early-onset Late-onset P

Participants, n 5946 1119 1712

Characteristic

Gender, n(%) <0.001

  Male 3072 (51.7) 499 (44.6) 933 (54.5)

  Female 2874 (48.3) 620 (55.4) 779 (45.5)

  Age, years, mean(SD) 62.02(13.2) 48.2 (13.5) 73.5 (6.2) <0.001

  Age at diagnosis, mean (SD) 49.7 (15.4) 31.1 (6.2) 66.9 (6.0) <0.001

  BMI, mean (SD) 32.1 (7.5) 33.8 (8.5) 30.3 (5.9) <0.001

Weight status, n(%) <0.001

  Normal: BMI of < 25, 832 (14.4) 131 (12.1) 280 (17.0)

  Overweight: BMI of 25 to < 30 1746 (30.3) 259 (23.9) 600 (36.4)

  Obese: BMI of ≥ 30 3181 (55.2) 693 (64.0) 767 (46.6)

Race, n(%) <0.001

  Mexican American 1222 (20.6) 257 (23.0) 283 (16.5)

  Other Hispanic 533 (9.0) 121 (10.8) 118 (6.9)

  Non-Hispanic White 2115 (35.6) 311 (27.8) 819 (47.8)

  Non-Hispanic Black 1528 (25.7) 318 (28.4) 345 (20.2)

  Other Race 548 (9.2) 112 (10.0) 147 (8.6)

Eduactional level, n (%) <0.001

  High school or less 3593 (60.4) 633 (56.6) 1103 (64.4)

  Some college 1510 (25.4) 338 (30.2) 373 (21.8)

  College graduate 843 (14.2) 148 (13.2) 236 (13.8)

Insurance, n(%) <0.001

  Any insurance 5199 (87.7) 882 (78.7) 1645 (96.1)

  Uninsured 747 (12.6) 237 (21.3) 67 (3.9)

  Hypentension, n(%) 4429 (74.5) 718 (64.2) 1374 (80.3) <0.001

  Smoking, n(%) 2050 (34.4) 273 (24.4) 736 (43.0) <0.001

Alcohol(drinks/day), n(%) <0.001

  0 3308 (55.6) 536 (47.9) 1078 (63.0)

  1- 2 1858 (31.2) 354 (31.6) 535 (31.2)

  >2 780 (13.1) 229 (20.5) 99 (5.8)

Physical activity, n(%) <0.001

  Low intensity 3213 (54.0) 525 (46.9) 1004 (58.6)

  Moderate-intensity 1834 (30.8) 337 (30.1) 536 (31.3)

  High-intensity 899 (15.1) 257 (23.0) 172 (10.0)

  The duration of diabetes, mean (SD) 12.2 (12.0) 17.1 (13.9) 6.6 (5.4) <0.001

Diabetes mellitus treatment, n(%) <0.001

  Insulin 781 (13.1) 246 (22.0) 131 (7.7)

  Insulin+ oral medications 849 (14.3) 215 (19.2) 155 (9.1)

  Oral medications 3424 (57.6) 433 (38.7) 1154 (67.4)

  No pharmacotherapy 892 (15.0) 225 (20.1) 272 (15.9)

Comorbidities, n(%)

  Retinopathy 1321 (22.2) 335 (30.0) 250 (14.6) <0.001

  CVD 1411 (23.7) 209 (18.8) 511 (29.8) <0.001

  Tumor 843 (14.2) 80 (7.1) 399 (23.3) <0.001

(Continued)
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We also used the RCS to flexibly model and visualize the relationships between HbA1c levels and all-cause mortal-
ity and diabetes-related mortality in individuals with early- and late-onset T2D (Fig 1). In the early-onset group, the risk 
of all-cause mortality remained relatively stable when HbA1c levels were less than 6.6%. However, when HbA1c levels 
exceeded 6.6%, the risk of all-cause mortality began to increase. Interestingly, in the late-onset T2D group, there seemed 
to be a negative correlation between HbA1c levels and the risk of all-cause mortality when HbA1c levels were below 
6.6%; as HbA1c levels increased above 8.0%, the risk of all-cause mortality appeared to decline. Notably, however, this 
trend did not reach statistical significance (Fig 1A). In the early-onset T2D group, a negative correlation between HbA1c 
levels and the risk of diabetes-related mortality was observed when HbA1c levels were less than 6.6%. However, this 
trend did not reach statistical significance. When HbA1c levels ranged between 6.6% and 12%, there was a positive cor-
relation between HbA1c levels and the risk of mortality due to diabetes. However, once HbA1c levels surpassed 12%, the 
risk of mortality due to diabetes remained relatively stable. In the late-onset T2D group, there appeared to be a negative 
correlation between HbA1c levels and the risk of mortality related to diabetes when HbA1c levels were less than 6.6%. 
When HbA1c levels ranged between 6.6% and 8.0%, there seemed to be a positive correlation between HbA1c levels and 
the risk of mortality related to diabetes. Once HbA1c levels exceeded 8.0%, the risk of diabetes-related mortality appeared 
to remain relatively stable. However, this trend did not reach statistical significance (Fig 1B).

Sensitivity and stratified analyses

The sensitivity analyses excluded participants with pancreatic diseases and cancers at the baseline examination (S3 
Table), participants who died within 2 years of follow-up (S4 Table), participants who had a history of anemia at baseline 
(S5 Table) and participants who had a history of CVD (S6 Table). The associations did not substantially change in the 
different sensitivity analysis models.

Stratified analyses revealed a significant interaction effect between HbA1c levels and CKD status in relation to all-
cause mortality among T2D patients (P-interaction = 0.03). Among participants with CKD, compared with those in the 
poorly controlled group, the adjusted HRs for all-cause mortality were 1.41 (95% CI, 0.65–3.06) in the optimal controlled 

Total Early-onset Late-onset P

Biochemical profile, mean(SD)

  Glucose (mmol/L) 9.0 (3.9) 10.12 (4.8) 8.04 (2.8) <0.001

  HbA1c(%) 7.5 (1.8) 8.03 (2.2) 6.95 (1.4) <0.001

  HOMA-IR 9.2 (15.8) 11.1 (18.6) 6.9 (10.4) <0.001

  C-reactive protein(mg/dL) 2.6 (7.9) 3.0 (6.8) 1.9 (5.6) 0.001

  ALT(U/I) 25.5 (26.8) 28.4 (46.1) 22.6 (12.4) <0.001

  AST(U/I) 25.5 (20.2) 26.0 (25.6) 24.7 (11.6) 0.162

  eGFR(ml/min/1.73 m2) 80.8 (26.9) 94.6 (31.0) 68.7 (21.1) <0.001

  Cholesterol (mmol/L) 4.8 (1.2) 5.0(1.3) 4.7 (1.1) <0.001

  Triglycerides (mmol/L) 1.9 (1.9) 2.1 (2.8) 1.7 (1.1) 0.001

  LDL-Cholesterol (mmol/L) 2.7 (0.9) 2.9 (1.0) 2.5 (0.9) <0.001

  HDL-Cholesterol (mmol/L) 1.3 (0.4) 1.2 (0.4) 1.3 (0.4) 0.017

  BUN(mg/dl) 17.3 (9.0) 15.7 (9.7) 18.9 (8.5) <0.001

  Creatinine(mg/dl) 1.1 (0.8) 1.0 (1.0) 1.1 (0.5) 0.309

  SUA(mg/dl) 5.7 (1.6) 5.4 (1.7) 6.0 (1.6) <0.001

NHANES, National Health and Nutrition Examination Survey; CVD, cardiovascular disease; CKD, chronic kidney disease; HOMA-IR, homeostatic model 
assessment of insulin resistance; eGFR, estimated glomerular filtration rate.

The values are weighted means (SDs) for continuous variables or numbers (weighted %) for categorical variables.

https://doi.org/10.1371/journal.pone.0322886.t001

Table 1.  (Continued)

https://doi.org/10.1371/journal.pone.0322886.t001
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group and 1.00 (95% CI, 0.50–1.98) in the moderately controlled group. Among participants without CKD, compared with 
those in the poorly controlled group, the HRs were 0.37 (95% CI, 0.19–0.72) in the optimal controlled group and 0.40 
(95% CI, 0.19–0.83) in the moderately controlled group (Table 3). This interaction pattern suggests differential effects of 
glycemic control on mortality risk on the basis of CKD status. Specifically, optimal glycemic control appears to confer sub-
stantial mortality benefits in non-CKD patients, while its protective effect may be attenuated in CKD patients.

The associations of glycemic control with the risk of retinopathy, CKD and cardiovascular disease

According to the fully adjusted model, the adjusted ORs for early-onset participants with T2D in the poorly control group 
were 1.80 (95% CI, 1.10–2.94; P = 0.022) for retinopathy, 2.54 (95% CI, 1.65–3.92; P < 0.001) for CKD, and 1.00 (95% 
CI, 0.57–1.77; P = 0.996) for CVD, compared with the optimal control group; the adjusted ORs for late-onset participants 
with T2D in the poorly control group were 2.12 (95% CI, 1.32–3.41; P = 0.002) for retinopathy, 2.30 (95% CI, 1.45–3.63; 
P = 0.001) for CKD, and 0.53 (95% CI, 0.28–1.01; P = 0.055) for CVD, compared with the optimal control group (Table 4).

We also used RCS to flexibly model and visualize the relationships between HbAlc and the risk of retinopathy and CKD 
in the early- and late-onset T2D groups. There was a positive correlation between HbAlc levels and the risk of retinopathy 
in the late-onset T2D group (Fig 1C). Furthermore, in the early-onset T2D group, there was a positive correlation between 

Table 2.  HRs (95% CIs) for all-cause and specific mortality according to HbA1c levels among participants in NHANES 1999–2018 (n = 2,831).

Optimal controlled
(<7.0%)

Moderately controlled
(7.0-8.9%)

Poorly controlled
(≥9.0%)

Early-onset (n = 1,119)

Nonadjusted

  All-cause 1.00 (refrence) 1.28 (0.77, 2.11) 0.340 1.41 (0.96, 2.06) 0.077

  CVD-cause 1.00 (refrence) 1.09 (0.47, 2.53) 0.842 1.29 (0.65, 2.56) 0.460

  Cancer-cause 1.00 (refrence) 0.84 (0.18, 3.91) 0.821 0.43 (0.10, 1.96) 0.276

  Diabetes-cause 1.00 (refrence) 1.33 (0.38, 4.64) 0.651 4.96 (1.41, 17.5) 0.013

Adjusted a

  All-cause 1.00 (refrence) 1.27 (0.77, 2.12) 0.352 2.00 (1.30, 3.09) 0.002

  CVD-cause 1.00 (refrence) 1.30 (0.57, 2.94) 0.535 1.81 (0.85, 3.85) 0.125

  Cancer-cause 1.00 (refrence) 0.80 (0.26, 2.41) 0.685 0.52 (0.12, 2.23) 0.377

  Diabetes-cause 1.00 (refrence) 1.06 (0.20, 5.68) 0.942 10.04 (2.57, 39.32) 0.001

Late-onset (n = 1,712)

Nonadjusted

  All-cause 1.00 (refrence) 1.17 (0.95, 1.45) 0.148 0.84 (0.55, 1.29) 0.428

  CVD-cause 1.00 (refrence) 1.20 (0.87, 1.67) 0.268 0.67 (0.35, 1.29) 0.234

  Cancer-cause 1.00 (refrence) 0.99 (0.60, 1.63) 0.967 0.73 (0.21, 2.60) 0.629

  Diabetes-cause 1.00 (refrence) 1.60 (0.80, 3.23) 0.187 1.65 (0.59, 4.58) 0.337

Adjusted a

  All-cause 1.00 (refrence) 1.20 (0.95, 1.52) 0.128 0.87 (0.54, 1.40) 0.561

  CVD-cause 1.00 (refrence) 1.09 (0.75, 1.58) 0.651 0.64 (0.30, 1.38) 0.252

  Cancer-cause 1.00 (refrence) 0.97 (0.55, 1.69) 0.901 1.16 (0.33, 4.06) 0.815

  Diabetes-cause 1.00 (refrence) 1.58 (0.77, 3.23) 0.212 1.24 (0.33, 4.67) 0.751

NHANES, National Health and Nutrition Examination Survey; HR, hazard ratio; CI, confidence interval; n, number; CVD, cardiovascular disease.
aModel: data were adjusted for age, sex, race, education, body mass index, duration of diabetes, hypertension, smoking, drinking, physical activity, dia-
betes mellitus treatment, complications (retinopathy, CVD, cancer), ALT, AST, BUN, SUA, TG, TC, HDL, LDL, CRP.

https://doi.org/10.1371/journal.pone.0322886.t002

https://doi.org/10.1371/journal.pone.0322886.t002
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Fig 1.  Associations between HbA1c levels and mortality and diabetes complications. A: Restricted cubic spline (RCS) curves showing the 
relationship between HbA1c levels and the risk of all-cause mortality, with shaded areas indicating 95% confidence intervals. Notably, the risk of death 
increases sharply when HbA1c is < 6.6% in patients with late-onset T2D. B: RCS curves for diabetes-related mortality. Note that the risk of death 
increases sharply when HbA1c levels exceed 9%. C: RCS curves for retinopathy risk. The risk increases steadily with increasing HbA1c levels, with no 
clear inflection point. D: RCS curves for CKD risk. The risk decreases as HbA1c levels drop below 6.6%, but this trend should be interpreted with caution 
due to wide confidence intervals. HR, hazard ratio; OR, odds ratio; CI, confidence interval. The models were adjusted for age; sex; race; education; body 
mass index; duration of diabetes; hypertension; smoking status; drinking status; physical activity; diabetes treatment; and ALT, AST, BUN, SUA, TG, TC, 
HDL, LDL, and CRP levels.

https://doi.org/10.1371/journal.pone.0322886.g001

https://doi.org/10.1371/journal.pone.0322886.g001
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Table 3.  Stratified analyses of the associations (HRs, 95% CIs) between HbA1c levels and all-cause mortality among participants from 
NHANES 1999--2018 (n = 2,831).

Optimal controlled
(<7.0%)

Moderately controlled
(7.0-8.9%)

Poorly controlled
(≥9.0%)

P for interaction

Age, y

  <60 0.60 (0.35, 1.05) 0.65 (0.37, 1.15) 1.00 (reference) 0.832

  ≥60 0.23 (0.13, 0.43) 0.48 (0.24, 0.93) 1.00 (reference)

Gender

  Male 0.68 (0.37, 1.26) 0.60 (0.30, 1.22) 1.00 (reference) 0.323

  Female 0.44 (0.24, 0.78) 0.73 (0.43, 1.25) 1.00 (reference)

Race

  Non-Hispanic White 0.36 (0.18, 0.73) 0.61 (0.26, 1.40) 1.00 (reference) 0.652

  Other Race 0.68 (0.38, 1.23) 0.60 (0.35, 1.03) 1.00 (reference)

Duration of diabetes, year

  <5Y 1.19 (0.20, 6.96) 1.89 (0.18, 19.96) 1.00 (reference) 0.365

  5-10Y 0.22 (0.04, 1.33) 0.02 (0.01, 0.30) 1.00 (reference)

  ≥10Y 0.89 (0.55, 1.44) 0.93 (0.54, 1.60) 1.00 (reference)

Weight status, kg/m2

  <25 0.13 (0.02, 0.82) 0.51 (0.17, 1.52) 1.00 (reference) 0.471

  25 to < 30 1.28 (0.38, 4.32) 0.99 (0.16, 6.23) 1.00 (reference)

  ≥30 0.60 (0.30, 1.17) 0.77 (0.47, 1.27) 1.00 (reference)

Hypertension

  Yes 0.58 (0.37, 0.92) 0.72 (0.43, 1.20) 1.00 (reference) 0.268

  No 0.21 (0.05, 0.95) 0.45 (0.13, 1.51) 1.00 (reference)

Smoking status

  Never 0.42 (0.19, 0.92) 0.79 (0.34, 1.83) 1.00 (reference) 0.510

  Ever 0.46 (0.19, 1.13) 0.39 (0.16, 0.93) 1.00 (reference)

  Current 0.99 (0.43, 2.28) 1.10 (0.44, 2.76) 1.00 (reference)

Alcohol (drinks/day)

  0 0.46 (0.29, 0.71) 0.86 (0.52, 1.42) 1.00 (reference) 0.103

  1-2 1.81 (0.53, 6.20) 1.22 (0.28, 5.32) 1.00 (reference)

  >2 0.26 (0.08, 0.85) 0.31 (0.11, 0.90) 1.00 (reference)

Physical activity

  Low intensity 0.70 (0.37, 1.34) 0.61 (0.34, 1.12) 1.00 (reference) 0.634

  Moderate intensity 0.21 (0.06, 0.70) 0.25 (0.07, 0.84) 1.00 (reference)

  High intensity 0.09 (0.02, 0.52) 0.58 (0.14, 2.38) 1.00 (reference)

Chronic kidney disease

  Yes 1.41 (0.65, 3.06) 1.00 (0.50, 1.98) 1.00 (reference) 0.030

  No 0.37 (0.19, 0.72) 0.40 (0.19, 0.83) 1.00 (reference)

Diabetes mellitus treatment

  Insulin 0.34 (0.13, 0.89) 0.34 (0.13, 0.86) 1.00 (reference) 0.925

  Insulin+oral medications 0.28 (0.08, 0.95) 1.20 (0.51, 2.83) 1.00 (reference)

  Oral medications 0.66 (0.39, 1.11) 0.52 (0.25, 1.09) 1.00 (reference)

  No pharmacotherapy 1.67 (0.35, 8.04) 3.20 (0.41, 25.33) 1.00 (reference)

NHANES, National Health and Nutrition Examination Survey; HR, hazard ratio; CI, confidence interval; n, number; Data were adjusted for age, sex, race, 
education, body mass index, duration of diabetes, hypertension, smoking, drinking, physical activity, diabetes mellitus treatment, complications (retinopa-
thy, CVD, cancer), ALT, AST, BUN, SUA, TG, TC, HDL, LDL, CRP.

https://doi.org/10.1371/journal.pone.0322886.t003

https://doi.org/10.1371/journal.pone.0322886.t003
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HbA1c levels and the risk of CKD. In contrast, in the late-onset T2D group, a negative correlation between HbA1c levels 
and the risk of CKD occurred when HbA1c levels were less than 6.6%. For HbA1c levels between 6.6% and 9.0%, there 
was a positive correlation between HbA1c levels and the risk of CKD. However, when HbA1c levels were above 9.0%, the 
risk of CKD remained relatively stable (Fig 1D).

Discussion

In this large-scale retrospective study, we found that in individuals with early-onset T2D, optimal glycemic control was 
associated with a reduced risk of all-cause mortality and diabetes-related mortality, without any significant association 
with mortality from CVD or cancer. However, in individuals with late-onset T2D, there was no evidence of an association 
between glycemic control and all-cause mortality or death from other causes. Logistic analysis revealed that optimal 
glycemic control was also linked to lower risks of retinopathy and CKD in both individuals with early-onset and late-onset 
T2D, but it did not have a significant effect on CVD risk. To summarize, optimal glycemia control was associated with a 
reduced risk of all-cause mortality, diabetes-related mortality, retinopathy, and CKD in individuals with early-onset T2D, 
whereas in individuals with late-onset T2D, optimal glycemia control was found to be linked only to lower risks of retinopa-
thy and CKD.

Although numerous studies have investigated the relationship between strict glycemic control and the risk of mortality 
or complications of diabetes, a consistent conclusion has yet to be reached. On the basis of a prospective cohort study 
derived from the United Kingdom Prospective Diabetes Study (UKPDS), participants with T2D who underwent strict gly-
cemic control had a lower risk of microvascular complications and all-cause mortality than those receiving conventional 

Table 4.  ORs (95% CIs) for diabetic complications according to HbA1c levels among participants in NHANES 1999--2018 (n = 2,831).

Optimal controlled
(<7.0%)

Moderately controlled
(7.0-8.9%)

Poorly controlled
(≥9.0%)

Early-onset (n = 1,119)

Nonadjusted

  Retinopathy 1.00 (refrence) 1.19 (0.79, 1.80) 0.396 1.75 (1.16, 2.64) 0.009

  CKD 1.00 (refrence) 1.39 (0.98, 1.97) 0.070 2.41 (1.67, 3.49) <0.001

  CVD 1.00 (refrence) 1.40 (0.85, 2.30) 0.191 0.96 (0.58, 1.59) 0.880

Adjusted a

  Retinopathy 1.00 (refrence) 1.01 (0.64, 1.59) 0.976 1.8 (1.1, 2.94) 0.022

  CKD 1.00 (refrence) 1.25 (0.86, 1.80) 0.240 2.54 (1.65, 3.92) <0.001

  CVD 1.00 (refrence) 1.07 (0.65, 1.78) 0.782 1.00 (0.57, 1.77) 0.996

Late-onset (n = 1,712)

Nonadjusted

  Retinopathy 1.00 (refrence) 1.36 (1.01, 1.83) 0.043 2.18 (1.41, 3.38) <0.001

  CKD 1.00 (refrence) 1.49 (1.09, 2.04) 0.013 2.12 (1.28, 3.50) 0.004

  CVD 1.00 (refrence) 0.83 (0.62, 1.11) 0.214 0.57 (0.33, 0.99) 0.047

Adjusted a

  Retinopathy 1.00 (refrence) 1.23 (0.89, 1.69) 0.212 2.12 (1.32, 3.41) 0.002

  CKD 1.00 (refrence) 1.35 (0.98, 1.85) 0.070 2.30 (1.45, 3.63) 0.001

  CVD 1.00 (refrence) 0.77 (0.56,1.07) 0.125 0.53 (0.28,1.01) 0.055

NHANES, National Health and Nutrition Examination Survey; OR, odds ratio; CI, confidence interval; n, number; CKD, chronic kidney disease; CVD, 
cardiovascular disease.
aModel: Data were adjusted for age; sex; race; education; body mass index; duration of diabetes; hypertension; smoking; drinking; physical activity; 
diabetes mellitus treatment; and ALT, AST, BUN, SUA, TG, TC, HDL, LDL, and CRP levels.

https://doi.org/10.1371/journal.pone.0322886.t004

https://doi.org/10.1371/journal.pone.0322886.t004
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dietary therapy did, as observed during a 10-year posttrial follow-up period [29]. Surprisingly, during the 15-year posttrial 
follow-up period, conflicting results emerged, with no evidence of a legacy effect or benefit in terms of reduced mortality 
with intensive glucose control [30]. In the study by [30], the mean age at diagnosis of diabetes participants was approx-
imately 50 years, and the mean duration of disease was approximately 10 years. The participants were not early-onset 
T2D.

According to our study, optimal glycemic control was not associated with the risk of all-cause mortality, including mor-
tality related to CVD, diabetes and cancer, in individuals with late-onset T2D. Additionally, RCS analysis yielded consistent 
results. Notably, the RCS analysis results further demonstrated that an HbA1c<6.6% was associated with an increased 
risk of all-cause mortality. In our study, the individuals with late-onset T2D had a mean age of 73.5 (±6.2) years and a 
mean disease duration of 6.6 (±5.4) years. Among the participants, 29.8% reported macrovascular complications, such 
as heart failure, coronary heart disease, angina, and myocardial infarction, whereas 23.3% reported malignant cancers. 
Additionally, 34.8% had CKD (eGFR < 60 ml/min/1.73 m2). These findings further suggest that participants with diabetes 
who are more than 60 years old are often complicated with complex medical problems, which may limit the benefit they 
derive from strict glucose control strategies. Furthermore, aggressive measures to achieve lower HbA1c levels may result 
in poor clinical outcomes [31].

Our study revealed that glycemic control was not associated with all-cause mortality risk in individuals with late-onset 
T2D, which is consistent with existing evidence that aggressive glycemic targets may not be appropriate for older adults 
with multiple comorbidities [12]. The American Diabetes Association (ADA) Standards of Care explicitly recommend less 
stringent targets (e.g., HbA1c < 8.0%) in this population to avoid hypoglycemia and polypharmacy risks, particularly when 
life expectancy is limited [19]. The absence of an association with late-onset T2D may reflect competing risks of non-
diabetic mortality (e.g., cancer, frailty-related outcomes) that dominate in older adults, diluting the long-term benefits of 
intensive glycemic control [32,33]. For clinicians managing late-onset T2D, these results reinforce the need to prioritize 
individualized goals over uniform HbA1c thresholds.

In contrast to our findings in individuals with late-onset T2D, our research indicated that optimal glycemic control was 
significantly associated with reduced risks of all-cause mortality and diabetes-related mortality in individuals with early-
onset T2D. Specifically, the optimal glycemic control group presented a significant 100% reduction in the risk of all-cause 
mortality and a notable 904% decrease in the risk of diabetes-related mortality. However, optimal glycemic control was not 
associated with a reduced risk of CVD or cancer mortality in these patients. Among individuals with early-onset T2D, the 
mean age was 48.2 (±13.5) years, and the mean duration of the disease was 17.1 (±13.9) years. The prevalence rates 
of cardiovascular complications (18.8%) and cancer complications (7.1%) were lower than those in individuals with late-
onset disease. The early-onset cohort had a longer duration of disease, experienced fewer complications, and presented 
a longer life expectancy than did the late-onset cohort did, which was likely attributable to their younger age at diagnosis 
and younger mean age at study completion. The lack of association between early-onset T2D and CVD or cancer-related 
morbidity/mortality in our analysis may reflect the younger age of this cohort at the end of follow-up. To fully evaluate their 
long-term risk for these age-driven outcomes, extended follow-up until participants reach comparable ages to those in the 
late-onset group is needed.

Importantly, diabetes ranks as the second leading cause of death in individuals with early-onset T2D, highlighting the 
importance of effective glycemic management strategies in this population. These findings suggest that optimal glycemic 
control, as defined by an HbA1c level below 7%, may be appropriate for younger, relatively healthy patients with longer 
life expectancies. However, there is currently very little research on the benefits of optimal glucose control in individuals 
with early-onset T2D. On the basis of a few studies, we can conclude that early-onset T2D patients may receive greater 
net benefits from optimal glucose control interventions than late-onset T2D patients do [34,35]. For example, for a patient 
in whom diabetes developed before 50 years of age, reducing HbA1c levels from 9% to 7% results in an estimated 2.3% 
decrease in the risk of blindness due to retinopathy. Similarly, a patient with diabetes onset at 65 years of age is expected 
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to have a 0.5% reduction in the risk of blindness [36]. Therefore, in individuals with early-onset T2D, the benefits of glu-
cose control are more likely to materialize.

Consistent with our experimental results, CVD mortality and complications accounted for the most frequently occurring 
adverse events and remained the primary cause of mortality in the diabetes population. In addition, there was no correla-
tion between glycemic control and cardiovascular mortality or complications in individuals with early-onset or late-onset 
T2D. These results also support the hypothesis that hyperglycemia may not be the primary cause of CVD in these indi-
viduals [37]. This further emphasizes the complex and unclear etiology of CVD associated with diabetes. Although the 
management of individuals with T2D has undergone a major conceptual change, with treatment objectives shifting to 
include cardiocentric goals in the subpopulation with high cardiovascular risk. Emerging evidence highlights that newer 
antidiabetic agents, such as SGLT2 inhibitors (SGLT2is), GLP-1 receptor agonists (GLP-1 s), and GIP/GLP-1 receptor 
agonists, demonstrate significant cardiovascular benefits, including reduced risks of heart failure, atherosclerotic events, 
and mortality in patients with T2D [38,39]. Analysis of the 2017–2018 NHANES cycle revealed limited utilization of newer 
antihyperglycemic agents, with only 7.1% of participants receiving either SGLT2 inhibitors or GLP-1 receptor agonists, 
despite their established cardiorenal benefits and guideline recommendations for high-risk populations [40]. As such, our 
findings may not fully reflect the potential CVD risk reduction achievable with contemporary treatment strategies. Future 
studies should account for the evolving use of these therapies, as their increasing prevalence may substantially alter lon-
gitudinal outcomes in T2D, particularly in early-onset populations.

There are several limitations to the current study. First, the reliance on self-reported diabetes diagnoses and retrospec-
tive HbA1c measurements in the NHANES may introduce misclassification bias. We excluded participants with missing 
glycemic data and restricted the early-onset T2D population to individuals aged 18–39 years to minimize the incidence 
of T1D. Second, the cross-sectional design limits our ability to establish temporal relationships between glycemic control 
and long-term outcomes. Third, the NHANES was not specifically designed to evaluate the effects of glucose control, and 
variables not captured by the survey (e.g., medication adherence, lifestyle changes) could have influenced outcomes.

In conclusion, in a nationally representative sample of U.S. adults, we showed that in individuals with early-onset T2D, 
optimal glycemic control was associated with a reduced risk of all-cause mortality and diabetes-related mortality, with no 
significant association with mortality caused by CVD or cancer. Moreover, logistic analysis demonstrated that optimal gly-
cemic control was associated with lower risks of retinopathy and CKD in both individuals with early- and late-onset T2D, 
but it was not significantly associated with CVD risk. In contrast, in individuals with late-onset T2D, there was no evidence 
of an association between glycemic control and all-cause mortality or death from other causes. Thus, optimal glycemic 
control appears to be associated with a reduced risk of all-cause mortality, diabetes-related mortality, retinopathy, and 
CKD in individuals with early-onset T2D; in individuals with late-onset T2D, the associations were limited to lower risks of 
retinopathy and CKD.

Consent for publication

All the authors had access to the data in the study and accept responsibility for submitting the manuscript for publication.

Supporting information

S1 Fig.  Differences in glucose control between individuals with early-onset and late-onset T2D in NHANES 
(1999–2018). 
(DOCX)

S2 Fig.  Differences in the proportion of deaths between early-onset and late-onset T2D patients in NHANES 
(1999–2018). 
(DOCX)

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322886.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322886.s002


PLOS One | https://doi.org/10.1371/journal.pone.0322886  May 23, 2025 14 / 16

S1 Table.  Basic demographic, behavioral, biochemical profile and complications characteristics of early-onset 
T2D in NHANES (1999–2018). 
(DOCX)

S2 Table.  Basic demographic, behavioral, biochemical profile and complications characteristics of late-onset 
T2D in NHANES (1999–2018). 
(DOCX)

S3 Table.  HR (95% CIs) for all-cause and cause-specific mortality according to HbA1c levels among participants 
after excluding patients with cancer (n = 2,352). 
(DOCX)

S4 Table.  HR (95% CIs) for all-cause and cause-specific mortality according to HbA1c levels among participants 
after excluding excluding subjects who died within two years of follow-up (n = 2,665). 
(DOCX)

S5 Table.  HR (95% CIs) for all-cause and cause-specific mortality according to HbA1c levels among participants 
after excluding patients with anemia (n = 2,273). 
(DOCX)

S6 Table.  HR (95% CIs) for all-cause and cause-specific mortality according to HbA1c levels among participants 
after excluding patients with cardiovascular disease (n = 2,111). 
(DOCX)

Acknowledgments

The authors acknowledge the researchers and participants involved in the NHANES for their invaluable contribution in 
providing the statistical data used in this study.

Author contributions

Conceptualization: Bing Meng.

Data curation: Kai Wang, Yuhong Li.

Formal analysis: Kai Wang, Yuhong Li.

Methodology: Bing Meng.

Supervision: Na Liang.

Writing – original draft: Haipeng Ma, Jitao Zhang.

Writing – review & editing: Haipeng Ma, Jitao Zhang.

References
	1.	 Zheng Y, Ley SH, Hu FB. Global aetiology and epidemiology of type 2 diabetes mellitus and its complications. Nat Rev Endocrinol. 2018;14(2):88–

98. https://doi.org/10.1038/nrendo.2017.151 PMID: 29219149

	2.	 Sun H, Saeedi P, Karuranga S, Pinkepank M, Ogurtsova K, Duncan BB, et al. IDF Diabetes Atlas: Global, regional and country-level diabetes preva-
lence estimates for 2021 and projections for 2045. Diabetes Res Clin Pract. 2022;183:109119. https://doi.org/10.1016/j.diabres.2021.109119 PMID: 
34879977

	3.	 Jia G, Whaley-Connell A, Sowers JR. Diabetic cardiomyopathy: a hyperglycaemia- and insulin-resistance-induced heart disease. Diabetologia. 
2018;61(1):21–8. https://doi.org/10.1007/s00125-017-4390-4 PMID: 28776083

	4.	 Wong E, Backholer K, Gearon E, Harding J, Freak-Poli R, Stevenson C, et al. Diabetes and risk of physical disability in adults: a systematic review 
and meta-analysis. Lancet Diabetes Endocrinol. 2013;1(2):106–14. https://doi.org/10.1016/S2213-8587(13)70046-9 PMID: 24622316

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322886.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322886.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322886.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322886.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322886.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0322886.s008
https://doi.org/10.1038/nrendo.2017.151
http://www.ncbi.nlm.nih.gov/pubmed/29219149
https://doi.org/10.1016/j.diabres.2021.109119
http://www.ncbi.nlm.nih.gov/pubmed/34879977
https://doi.org/10.1007/s00125-017-4390-4
http://www.ncbi.nlm.nih.gov/pubmed/28776083
https://doi.org/10.1016/S2213-8587(13)70046-9
http://www.ncbi.nlm.nih.gov/pubmed/24622316


PLOS One | https://doi.org/10.1371/journal.pone.0322886  May 23, 2025 15 / 16

	 5.	 ElSayed NA, Aleppo G, Aroda VR, Bannuru RR, Brown FM, Bruemmer D, et al. 6. Glycemic Targets: Standards of Care in Diabetes-2023. Diabe-
tes Care. 2023;46(Suppl 1):S97–110. https://doi.org/10.2337/dc23-S006 PMID: 36507646

	 6.	 Rodriguez-Gutierrez R, Gonzalez-Gonzalez JG, Zuñiga-Hernandez JA, McCoy RG. Benefits and harms of intensive glycemic control in patients 
with type 2 diabetes. BMJ. 2019;367:l5887. https://doi.org/10.1136/bmj.l5887 PMID: 31690574

	 7.	 Viner R, White B, Christie D. Type 2 diabetes in adolescents: a severe phenotype posing major clinical challenges and public health burden. Lan-
cet. 2017;389(10085):2252–60. https://doi.org/10.1016/S0140-6736(17)31371-5 PMID: 28589895

	 8.	 Magliano DJ, Sacre JW, Harding JL, Gregg EW, Zimmet PZ, Shaw JE. Young-onset type 2 diabetes mellitus - implications for morbidity and mortal-
ity. Nat Rev Endocrinol. 2020;16(6):321–31. https://doi.org/10.1038/s41574-020-0334-z PMID: 32203408

	 9.	 Kim JH, Shin HD, Park BL, Cho YM, Kim SY, Lee HK, et al. Peroxisome proliferator-activated receptor gamma coactivator 1 alpha promoter 
polymorphisms are associated with early-onset type 2 diabetes mellitus in the Korean population. Diabetologia. 2005;48(7):1323–30. https://doi.
org/10.1007/s00125-005-1793-4 PMID: 15937669

	10.	 Zhang Y, Song M, Cao Y, Eliassen AH, Wolpin BM, Stampfer MJ, et al. Incident Early- and Later-Onset Type 2 Diabetes and Risk of Early- and 
Later-Onset Cancer: Prospective Cohort Study. Diabetes Care. 2023;46(1):120–9. https://doi.org/10.2337/dc22-1575 PMID: 36399782

	11.	 Lascar N, Brown J, Pattison H, Barnett AH, Bailey CJ, Bellary S. Type 2 diabetes in adolescents and young adults. Lancet Diabetes Endocrinol. 
2018;6(1):69–80. https://doi.org/10.1016/S2213-8587(17)30186-9 PMID: 28847479

	12.	 Miller ME, Williamson JD, Gerstein HC, Byington RP, Cushman WC, Ginsberg HN, et al. Effects of randomization to intensive glucose control on 
adverse events, cardiovascular disease, and mortality in older versus younger adults in the ACCORD Trial. Diabetes Care. 2014;37(3):634–43. 
https://doi.org/10.2337/dc13-1545 PMID: 24170759

	13.	 Magliano DJ, Sacre JW, Harding JL, Gregg EW, Zimmet PZ, Shaw JE. Young-onset type 2 diabetes mellitus - implications for morbidity and mortal-
ity. Nat Rev Endocrinol. 2020;16(6):321–31. https://doi.org/10.1038/s41574-020-0334-z PMID: 32203408

	14.	 Bancks MP, Chen H, Balasubramanyam A, Bertoni AG, Espeland MA, Kahn SE, et al. Type 2 Diabetes Subgroups, Risk for Complications, and Dif-
ferential Effects Due to an Intensive Lifestyle Intervention. Diabetes Care. 2021;44(5):1203–10. https://doi.org/10.2337/dc20-2372 PMID: 33707304

	15.	 Wong J, Ross GP, Zoungas S, Craig ME, Davis EA, Donaghue KC, et al. Management of type 2 diabetes in young adults aged 18-30 years: ADS/
ADEA/APEG consensus statement. Med J Aust. 2022;216(8):422–9. https://doi.org/10.5694/mja2.51482 PMID: 35430745

	16.	 Arslanian S, Bacha F, Grey M, Marcus MD, White NH, Zeitler P. Evaluation and Management of Youth-Onset Type 2 Diabetes: A Position State-
ment by the American Diabetes Association. Diabetes Care. 2018;41(12):2648–68. https://doi.org/10.2337/dci18-0052 PMID: 30425094

	17.	 de Boer IH, Rue TC, Hall YN, Heagerty PJ, Weiss NS, Himmelfarb J. Temporal trends in the prevalence of diabetic kidney disease in the United 
States. JAMA. 2011;305(24):2532–9. https://doi.org/10.1001/jama.2011.861 PMID: 21693741

	18.	 Ruhl CE, Menke A, Cowie CC, Everhart JE. Relationship of hepatitis C virus infection with diabetes in the U.S. population. Hepatology. 
2014;60(4):1139–49. https://doi.org/10.1002/hep.27047 PMID: 24500979

	19.	 American Diabetes Association Professional Practice Committee. 6. Glycemic Goals and Hypoglycemia: Standards of Care in Diabetes-2025. 
Diabetes Care. 2025;48(Supplement_1):S128–45. https://doi.org/10.2337/dc25-S006 PMID: 39651981

	20.	 Lipska KJ, Ross JS, Miao Y, Shah ND, Lee SJ, Steinman MA. Potential overtreatment of diabetes mellitus in older adults with tight glycemic con-
trol. JAMA Intern Med. 2015;175(3):356–62. https://doi.org/10.1001/jamainternmed.2014.7345 PMID: 25581565

	21.	 Skopp NA, Smolenski DJ, Schwesinger DA, Johnson CJ, Metzger-Abamukong MJ, Reger MA. Evaluation of a methodology to validate National 
Death Index retrieval results among a cohort of U.S. service members. Ann Epidemiol. 2017;27(6):397–400. https://doi.org/10.1016/j.annep-
idem.2017.05.004 PMID: 28641759

	22.	 Landes SD, Stevens JD, Turk MA. Obscuring effect of coding developmental disability as the underlying cause of death on mortality trends for 
adults with developmental disability: a cross-sectional study using US Mortality Data from 2012 to 2016. BMJ Open. 2019;9(2):e026614. https://doi.
org/10.1136/bmjopen-2018-026614 PMID: 30804035

	23.	 Park S-J, Ha KH, Kim DJ. Body mass index and cardiovascular outcomes in patients with acute coronary syndrome by diabetes status: the 
obesity paradox in a Korean national cohort study. Cardiovasc Diabetol. 2020;19(1):191. https://doi.org/10.1186/s12933-020-01170-w PMID: 
33172464

	24.	 Messerli FH, Williams B, Ritz E. Essential hypertension. Lancet. 2007;370(9587):591–603. https://doi.org/10.1016/S0140-6736(07)61299-9 PMID: 
17707755

	25.	 Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model assessment: insulin resistance and beta-cell 
function from fasting plasma glucose and insulin concentrations in man. Diabetologia. 1985;28(7):412–9. https://doi.org/10.1007/BF00280883 
PMID: 3899825

	26.	 Kalantar-Zadeh K, Jafar TH, Nitsch D, Neuen BL, Perkovic V. Chronic kidney disease. Lancet. 2021;398(10302):786–802. https://doi.org/10.1016/
S0140-6736(21)00519-5 PMID: 34175022

	27.	 Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman HI, et al. A new equation to estimate glomerular filtration rate. Ann Intern 
Med. 2009;150(9):604–12. https://doi.org/10.7326/0003-4819-150-9-200905050-00006 PMID: 19414839

	28.	 Liu Y, Geng T, Wan Z, Lu Q, Zhang X, Qiu Z, et al. Associations of Serum Folate and Vitamin B12 Levels With Cardiovascular Disease Mortality 
Among Patients With Type 2 Diabetes. JAMA Netw Open. 2022;5(1):e2146124. https://doi.org/10.1001/jamanetworkopen.2021.46124 PMID: 
35099545

https://doi.org/10.2337/dc23-S006
http://www.ncbi.nlm.nih.gov/pubmed/36507646
https://doi.org/10.1136/bmj.l5887
http://www.ncbi.nlm.nih.gov/pubmed/31690574
https://doi.org/10.1016/S0140-6736(17)31371-5
http://www.ncbi.nlm.nih.gov/pubmed/28589895
https://doi.org/10.1038/s41574-020-0334-z
http://www.ncbi.nlm.nih.gov/pubmed/32203408
https://doi.org/10.1007/s00125-005-1793-4
https://doi.org/10.1007/s00125-005-1793-4
http://www.ncbi.nlm.nih.gov/pubmed/15937669
https://doi.org/10.2337/dc22-1575
http://www.ncbi.nlm.nih.gov/pubmed/36399782
https://doi.org/10.1016/S2213-8587(17)30186-9
http://www.ncbi.nlm.nih.gov/pubmed/28847479
https://doi.org/10.2337/dc13-1545
http://www.ncbi.nlm.nih.gov/pubmed/24170759
https://doi.org/10.1038/s41574-020-0334-z
http://www.ncbi.nlm.nih.gov/pubmed/32203408
https://doi.org/10.2337/dc20-2372
http://www.ncbi.nlm.nih.gov/pubmed/33707304
https://doi.org/10.5694/mja2.51482
http://www.ncbi.nlm.nih.gov/pubmed/35430745
https://doi.org/10.2337/dci18-0052
http://www.ncbi.nlm.nih.gov/pubmed/30425094
https://doi.org/10.1001/jama.2011.861
http://www.ncbi.nlm.nih.gov/pubmed/21693741
https://doi.org/10.1002/hep.27047
http://www.ncbi.nlm.nih.gov/pubmed/24500979
https://doi.org/10.2337/dc25-S006
http://www.ncbi.nlm.nih.gov/pubmed/39651981
https://doi.org/10.1001/jamainternmed.2014.7345
http://www.ncbi.nlm.nih.gov/pubmed/25581565
https://doi.org/10.1016/j.annepidem.2017.05.004
https://doi.org/10.1016/j.annepidem.2017.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28641759
https://doi.org/10.1136/bmjopen-2018-026614
https://doi.org/10.1136/bmjopen-2018-026614
http://www.ncbi.nlm.nih.gov/pubmed/30804035
https://doi.org/10.1186/s12933-020-01170-w
http://www.ncbi.nlm.nih.gov/pubmed/33172464
https://doi.org/10.1016/S0140-6736(07)61299-9
http://www.ncbi.nlm.nih.gov/pubmed/17707755
https://doi.org/10.1007/BF00280883
http://www.ncbi.nlm.nih.gov/pubmed/3899825
https://doi.org/10.1016/S0140-6736(21)00519-5
https://doi.org/10.1016/S0140-6736(21)00519-5
http://www.ncbi.nlm.nih.gov/pubmed/34175022
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
http://www.ncbi.nlm.nih.gov/pubmed/19414839
https://doi.org/10.1001/jamanetworkopen.2021.46124
http://www.ncbi.nlm.nih.gov/pubmed/35099545


PLOS One | https://doi.org/10.1371/journal.pone.0322886  May 23, 2025 16 / 16

	29.	 Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HAW. 10-year follow-up of intensive glucose control in type 2 diabetes. N Engl J Med. 
2008;359(15):1577–89. https://doi.org/10.1056/NEJMoa0806470 PMID: 18784090

	30.	 Reaven PD, Emanuele NV, Wiitala WL, Bahn GD, Reda DJ, McCarren M, et al. Intensive Glucose Control in Patients with Type 2 Diabetes - 
15-Year Follow-up. N Engl J Med. 2019;380(23):2215–24. https://doi.org/10.1056/NEJMoa1806802 PMID: 31167051

	31.	 Miller ME, Williamson JD, Gerstein HC, Byington RP, Cushman WC, Ginsberg HN, et al. Effects of randomization to intensive glucose control on 
adverse events, cardiovascular disease, and mortality in older versus younger adults in the ACCORD Trial. Diabetes Care. 2014;37(3):634–43. 
https://doi.org/10.2337/dc13-1545 PMID: 24170759

	32.	 Lee SJ, Eng C. Goals of glycemic control in frail older patients with diabetes. JAMA. 2011;305(13):1350–1. https://doi.org/10.1001/jama.2011.404 
PMID: 21467289

	33.	 Sinclair AJ, Abdelhafiz A, Dunning T, Izquierdo M, Rodriguez Manas L, Bourdel-Marchasson I, et al. An International Position Statement on the 
Management of Frailty in Diabetes Mellitus: Summary of Recommendations 2017. J Frailty Aging. 2018;7(1):10–20. https://doi.org/10.14283/
jfa.2017.39 PMID: 29412437

	34.	 Boye KS, Matza LS, Walter KN, Van Brunt K, Palsgrove AC, Tynan A. Utilities and disutilities for attributes of injectable treatments for type 2 diabe-
tes. Eur J Health Econ. 2011;12(3):219–30. https://doi.org/10.1007/s10198-010-0224-8 PMID: 20224930

	35.	 Vijan S, Hofer TP, Hayward RA. Estimated benefits of glycemic control in microvascular complications in type 2 diabetes. Ann Intern Med. 
1997;127(9):788–95. https://doi.org/10.7326/0003-4819-127-9-199711010-00003 PMID: 9382399

	36.	 Eckel RH, Bornfeldt KE, Goldberg IJ. Cardiovascular disease in diabetes, beyond glucose. Cell Metab. 2021;33(8):1519–45. https://doi.
org/10.1016/j.cmet.2021.07.001 PMID: 34289375

	37.	 Udell JA, Cavender MA, Bhatt DL, Chatterjee S, Farkouh ME, Scirica BM. Glucose-lowering drugs or strategies and cardiovascular outcomes in 
patients with or at risk for type 2 diabetes: a meta-analysis of randomised controlled trials. Lancet Diabetes Endocrinol. 2015;3(5):356–66. https://
doi.org/10.1016/S2213-8587(15)00044-3 PMID: 25791290

	38.	 Vaduganathan M, Docherty KF, Claggett BL, Jhund PS, de Boer RA, Hernandez AF, et al. SGLT-2 inhibitors in patients with heart failure: a com-
prehensive meta-analysis of five randomised controlled trials. Lancet. 2022;400(10354):757–67. https://doi.org/10.1016/S0140-6736(22)01429-5 
PMID: 36041474

	39.	 Sattar N, Lee MMY, Kristensen SL, Branch KRH, Del Prato S, Khurmi NS, et al. Cardiovascular, mortality, and kidney outcomes with GLP-1 
receptor agonists in patients with type 2 diabetes: a systematic review and meta-analysis of randomised trials. Lancet Diabetes Endocrinol. 
2021;9(10):653–62. https://doi.org/10.1016/S2213-8587(21)00203-5 PMID: 34425083

	40.	 Fang M, Wang D, Coresh J, Selvin E. Trends in Diabetes Treatment and Control in U.S. Adults, 1999-2018. N Engl J Med. 2021;384(23):2219–28. 
https://doi.org/10.1056/NEJMsa2032271 PMID: 34107181

https://doi.org/10.1056/NEJMoa0806470
http://www.ncbi.nlm.nih.gov/pubmed/18784090
https://doi.org/10.1056/NEJMoa1806802
http://www.ncbi.nlm.nih.gov/pubmed/31167051
https://doi.org/10.2337/dc13-1545
http://www.ncbi.nlm.nih.gov/pubmed/24170759
https://doi.org/10.1001/jama.2011.404
http://www.ncbi.nlm.nih.gov/pubmed/21467289
https://doi.org/10.14283/jfa.2017.39
https://doi.org/10.14283/jfa.2017.39
http://www.ncbi.nlm.nih.gov/pubmed/29412437
https://doi.org/10.1007/s10198-010-0224-8
http://www.ncbi.nlm.nih.gov/pubmed/20224930
https://doi.org/10.7326/0003-4819-127-9-199711010-00003
http://www.ncbi.nlm.nih.gov/pubmed/9382399
https://doi.org/10.1016/j.cmet.2021.07.001
https://doi.org/10.1016/j.cmet.2021.07.001
http://www.ncbi.nlm.nih.gov/pubmed/34289375
https://doi.org/10.1016/S2213-8587(15)00044-3
https://doi.org/10.1016/S2213-8587(15)00044-3
http://www.ncbi.nlm.nih.gov/pubmed/25791290
https://doi.org/10.1016/S0140-6736(22)01429-5
http://www.ncbi.nlm.nih.gov/pubmed/36041474
https://doi.org/10.1016/S2213-8587(21)00203-5
http://www.ncbi.nlm.nih.gov/pubmed/34425083
https://doi.org/10.1056/NEJMsa2032271
http://www.ncbi.nlm.nih.gov/pubmed/34107181

