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Abstract
Background  Estimated small dense low-density lipoprotein cholesterol (sdLDL-C) was related to atherosclerosis, 
coronary heart disease and metabolic syndrome. Despite these findings, limited evidence is available on the 
relationship between sdLDL-C levels and the onset of diabetes mellitus (DM).

Methods  The study analyzed data from 118,080 adults enrolled at the Rich Healthcare Group between 2010 and 
2016. The relationship between sdLDL-C levels and the risk of DM was examined using Cox proportional hazards 
regression. In order to evaluate potential nonlinear associations, cubic spline functions and smooth curve fitting were 
incorporated into the Cox regression framework. Furthermore, a two-piecewise Cox proportional hazards regression 
was employed to pinpoint the inflection point of sdLDL-C regarding DM risk.

Results  SdLDL-C was found to have a significant correlation with DM risk after controlling for confounders (HR: 
1.04, 95% CI: 1.03–1.04, P < 0.0001). The inflection point for sdLDL-C was calculated to be 29.49 mg/dL. The HR was 
measured at 1.08 (95% CI: 1.06–1.10) when sdLDL-C was below 29.49 mg/dL, and it decreased to 1.03 (95% CI: 
1.03–1.04) when above 29.49 mg/dL.

Conclusion  This investigation reveals a nonlinear positive connection between sdLDL-C levels and the risk of 
developing DM in Chinese adults. Notably, sdLDL-C levels lower than 29.49 mg/dL were strongly associated with a 
greater risk of DM.

Clinical trial number  not applicable.
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Introduction
Diabetes mellitus (DM) is identified as a chronic meta-
bolic disease with persistent elevated glucose levels [1]. 
Estimates suggest that diabetes will impact 700  million 
people by 2045, up from 463  million in 2019 [2]. DM 
significantly heightens the likelihood of various compli-
cations, such as cardiovascular disease, chronic kidney 
disease and retinopathy [3–6]. Consequently, the early 
detection of individuals with a high susceptibility to DM 
is critically important for advancing public health effort.

Estimated small dense low-density lipoprotein choles-
terol (sdLDL-C), defined as low-density lipoprotein cho-
lesterol (LDL-C) with a density greater than 1.034 g/mL 
and an average particle diameter of less than 25.5  nm, 
exhibits distinct physical and chemical properties that 
make it more atherogenic than other LDL-C subclasses 
[7, 8]. Previous research has linked elevated sdLDL-C 
levels to conditions, such as atherosclerosis, metabolic 
syndrome and coronary heart disease [9–11]. It has 
been observed that sdLDL-C may exhibit heightened 
atherogenicity in individuals with type 2 diabetes melli-
tus (T2DM) due to its greater susceptibility to glycation 
compared to larger, more buoyant LDL particles [12]. 
Despite these findings, limited evidence is available on 
the relationship between sdLDL-C levels and the onset of 
DM. To address the current gap in research, the purpose 
of our research was to quantitatively evaluate the correla-
tion between sdLDL-C levels and DM susceptibility in a 
large sample of Chinese individuals.

Methods
Dataset origin and study subjects
This study utilized a dataset from the Rich Health-
care Group, which can be accessed freely through the 
Dryad Data Platform, under the Dryad database’s terms 
[13]. Ethical approval for this secondary analysis was 
not required, as the original study had already received 
approval from the Rich Healthcare Group Review Board.

The study initially included a cohort of 685,277 adults 
aged 20 years and above who underwent a minimum 
of two medical examinations from January 1, 2010, to 
December 31, 2016. These examinations were carried out 
at health-check centers located across 32 cites in China. 
Participants were not included if they met these crite-
ria: (1) lack of baseline details regarding gender, fasting 
plasma glucose (FPG), height or weight (n = 135,317); 
(2) body mass index (BMI) that are either less than 15 
or greater than 55  kg/m² (n = 152); (3) follow-up dura-
tion shorter than 2 years (n = 324,233); (4) a prior diag-
nosis of DM at baseline or an indeterminate DM status 
during follow-up (n = 13,742); (5) incomplete baseline 
data on LDL-C and triglycerides (TG) (n = 93,747); 
and (6) sdLDL-C levels below 0 (n = 6). Following the 

application of these exclusion criteria, the study’s final 
cohort included 118,080 participants (Fig. 1).

Data collection
The selection of covariates for this study was guided by 
prior research and clinical expertise on risk factors asso-
ciated with DM [14–17]. All data collection and mea-
surement staff underwent rigorous training before the 
study began to ensure consistency in data collection. The 
dataset encompassed demographic information (age, 
gender), anthropometric data (height, weight), lifestyle 
habits, family history of DM, and systolic/diastolic blood 
pressure (SBP/DBP) and was collected using a stan-
dardized questionnaire. After a minimum of 8 h fasting 
period, venous blood samples were collected from the 
participants. Biochemical markers, including TG, serum 
creatinine (Scr), LDL-C, high-density lipoprotein choles-
terol (HDL-C), aspartate aminotransferase (AST), FPG, 
blood urea nitrogen (BUN), alanine aminotransferase 
(ALT) and total cholesterol (TC) were measured using an 
automated biochemical analyzer.

Formula for sdLDL-C
The sdLDL-C formula used in this study is based on 
established lipid profiling methods and has been widely 
applied in previous research to estimate sdLDL-C lev-
els in large-scale epidemiological studies [18–21]. This 
formula leverages the relationships among lipid param-
eters, including LDL-C, and TG, to provide an indirect 
but reliable estimation of sdLDL-C concentrations. The 
estimated sdLDL-C (mg/dL) was determined using the 
following equation: sdLDL-C (mg/dl) = LDL-C – (1.43 × 
LDL-C – (0.14 × ln (TG) × LDL-C) − 8.99).

Outcome measures
DM was characterized by the American Diabetes Asso-
ciation’s standards as either a FPG measurement ≥ 7.0 
mmol/L or self-reported DM during the follow-up [22].

Data analysis
Statistical analyses were carried out using Empower 
Stats (X&Y Solutions Inc., Boston, MA) version 4.1 and 
R software version 4.2.2. Normally distributed vari-
ables are presented as means ± standard deviations, with 
group comparisons performed using One-Way ANOVA. 
Skewed data are represented by medians and interquar-
tile ranges, and the Kruskal-Wallis H test was applied for 
group comparisons. The presentation of categorical vari-
ables was in the form of frequencies (%), and chi-square 
tests were used to assess group differences. A two-tailed 
P value below 0.05 indicated statistical significance.

Among the 118,080 participants, the number and pro-
portion of missing data for each variable were as fol-
lows: SBP (n = 18, 0.02%), DBP (n = 18, 0.02%), HDL-C 
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Fig. 1  Study population
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(n = 1,333, 1.13%), AST (n = 67,529, 57.19%), ALT (n = 409, 
0.35%), TC (n = 1, < 0.01%), Scr (n = 1,338, 1.13%), BUN 
(n = 3,148, 2.67%), drinking status (n = 84,653, 71.69%), 
and smoking status (n = 84,653, 71.69%). We performed 
five imputations to ensure the stability and reliability of 
the imputed datasets. The imputation model included the 
following variables: gender, BMI, DBP, SBP, drinking sta-
tus, family history of diabetes, smoking status, age, ALT, 
HDL-C, BUN, TC, Scr, FPG, and AST. The low missing-
ness rates for most variables (e.g., 0.02% for SBP/DBP, 
0.35% for ALT) suggest that missingness is unlikely to 
depend systematically on unobserved factors. For vari-
ables with higher missingness (e.g., AST: 57.19%, smok-
ing/drinking status: 71.69%), we verified that missingness 
patterns were unrelated to diabetes status or sdLDL-C 
levels (P > 0.10 in logistic regression models predicting 
missingness). Sensitivity analyses comparing distribu-
tions of observed vs. imputed data (e.g., mean/median 
values, frequencies) showed no significant deviations, 
supporting the plausibility of missing at random. It was 
assumed in the analysis that the absent data were missing 
randomly [23, 24].

In accordance with the STROBE guidelines, three 
multivariate Cox proportional hazards regression mod-
els were constructed. The hazard ratios (HR) and 95% 
confidence intervals (CI) were calculated to evaluate 
the connection of sdLDL-C levels with the likelihood of 
DM development. Model 1 served as the baseline model 
without any covariate adjustments. Adjustments for 
variables including age, SBP, DBP, BMI, smoking status, 
family diabetes history, drinking status, and gender were 
incorporated in Model 2. Model 3 built upon Model 2 
by incorporating additional covariates, including HDL-
C, TC, ALT, BUN, FPG, Scr and AST. We assessed the 
proportional hazards assumption by incorporating an 
interaction term between sdLDL-C and the logarithm of 
follow-up time in the Cox regression model. The analy-
sis revealed no significant violations of the proportional 
hazards assumption. To assess multicollinearity among 
the variables, the variance inflation factor (VIF) was cal-
culated for all covariates. A VIF threshold of > 5 was used 
to identify collinear variables, which would be excluded 
from the multivariate Cox proportional hazards regres-
sion models. However, based on this criterion, no covari-
ates were identified as collinear, and thus none were 
excluded from the analysis (Supplementary Table S1).

Sensitivity analyses were conducted to rigorously 
evaluate the reliability of our findings. Considering 
the recognized associations of prediabetes, obesity 
and hypertension with DM [25–27], individuals with 
BMI ≥ 24  kg/m2, FPG ≥ 6.1 mmol/L, or those with 

elevated blood pressure (DBP of 90 mmHg or more, 
or SBP of 140 mmHg or more) were excluded from the 
study. Finally, the E-value was calculated to evaluate the 
potential influence of unmeasured confounders on the 
association between sdLDL-C and DM.

In the Cox regression model, the potential nonlinear 
correlation between sdLDL-C levels and the probability 
of DM was discovered by applying cubic spline functions 
and smooth curve fitting. If non-linearity was detected, a 
recursive algorithm was employed to identify the inflec-
tion point. The process began by dividing the dataset into 
two segments at an arbitrary starting point within the 
range of sdLDL-C values. For each partition, a two-piece 
Cox proportional hazards regression model was con-
structed to evaluate the relationship on either side of the 
candidate inflection point. The log-likelihood ratio test 
was then used to determine the most suitable model for 
explaining the association between the sdLDL-C and the 
risk of DM.

Results
Baseline features
This research comprised 118,080 participants averaging 
44.31 ± 13.08 years in age, of whom 63,709 (53.95%) were 
male. Baseline features of the participants, categorized by 
sdLDL-C quartiles, are displayed in Table 1. Individuals 
in the highest sdLDL-C quartile (Q4 group) tend to be 
older, male, current drinkers and current smokers in con-
trast to individuals in the lowest sdLDL-C quartile (Q1 
group). Subjects assigned to the Q4 group also exhibit 
higher SBP, DBP, and BMI, along with elevated levels of 
ALT, TG, AST, TC, BUN, LDL-C, Scr, and FPG. Con-
versely, the greatest HDL-C levels are found in the Q1 
group.

The incidence rate of DM
As indicated in Tables  2, and 2,737 individuals (2.32%) 
developed DM over an average follow-up duration of 3.10 
years. The incidence rates of DM for the entire cohort 
and across quartiles of the sdLDL-C were 2.32% (95%CI: 
2.23–2.40), 0.67% (95%CI: 0.58–0.76), 1.62% (95%CI: 
1.48–1.77), 2.66% (95%CI: 2.48–2.85), and 4.32% (95%CI: 
4.08–4.55) for the total population, Q1, Q2, Q3, and Q4, 
respectively. The overall cohort had a cumulative inci-
dence rate of 7.48 per 1,000 person-years, while the rates 
for groups Q1, Q2, Q3, and Q4 were 2.14, 5.23, 8.65, and 
13.97 per 1,000 person-years, respectively. Participants in 
higher sdLDL-C quartiles exhibited significantly elevated 
DM incidence rates. These findings were further corrob-
orated by the Kaplan-Meier curve illustrating cumulative 
hazard (Fig. 2).
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Univariate analysis
Table 3 summarizes the outcomes of the univariate Cox 
regression analysis, highlighting factors associated with 
the risk of DM. Identified risk factors include sdLDL-C, 
age, BMI, SBP, DBP, alcohol intake, smoking, a family his-
tory of DM, and elevated levels of TC, ALT, LDL-C, AST, 

Table 1  The baseline characteristics of participants
sdLDL-C (mg/dL) Q1(≤ 24.14) Q2(24.14 to ≤ 31.15) Q3(31.15 to ≤ 39.76) Q4(> 39.76) P-value
Participants 29,518 29,521 29,519 29,522
Gender < 0.001
Male 10,309 (34.92%) 14,733 (49.91%) 18,259 (61.86%) 20,408 (69.13%)
Female 19,209 (65.08%) 14,788 (50.09%) 11,260 (38.14%) 9114 (30.87%)
Age (years) 39.00 ± 10.91 42.75 ± 12.57 46.28 ± 13.31 49.21 ± 13.11 < 0.001
BMI (kg/m2) 21.54 ± 2.72 22.77 ± 3.05 24.01 ± 3.17 25.13 ± 3.10 < 0.001
SBP (mmHg) 113.24 ± 14.61 117.37 ± 15.88 121.72 ± 16.57 125.75 ± 16.96 < 0.001
DBP (mmHg) 70.33 ± 9.82 73.07 ± 10.45 75.86 ± 10.80 78.63 ± 11.01 < 0.001
Drinking status < 0.001
Current-drinker 378 (1.28%) 608 (2.06%) 799 (2.71%) 1041 (3.53%)
Ex-drinker 3070 (10.40%) 3845 (13.02%) 4684 (15.87%) 4957 (16.79%)
Never- drinker 26,070 (88.32%) 25,068 (84.92%) 24,036 (81.43%) 23,524 (79.68%)
Smoking status < 0.001
Current-smoker 2597 (8.80%) 4170 (14.13%) 5910 (20.02%) 7369 (24.96%)
Ex-smoker 699 (2.37%) 938 (3.18%) 1199 (4.06%) 1311 (4.44%)
Never-smoker 26,222 (88.83%) 24,413 (82.70%) 22,410 (75.92%) 20,842 (70.60%)
Family history of diabetes 0.429
No 28,892 (97.88%) 28,843 (97.70%) 28,845 (97.72%) 28,850 (97.72%)
Yes 626 (2.12%) 678 (2.30%) 674 (2.28%) 672 (2.28%)
ALT (U/L) 14.00 (11.00–19.00) 16.60 (12.10–24.00) 20.00 (14.20–29.00) 25.00 (17.60–37.80) < 0.001
AST (U/L) 20.30 (16.39–25.12) 21.63 (17.30–27.00) 23.00 (18.50-28.83) 25.39 (20.40–32.00) < 0.001
TG (mg/dL) 53.14 (44.28–63.77) 82.37 (70.86–98.31) 116.03 (97.43-145.25) 183.34 (143.48-243.57) < 0.001
TC (mg/dL) 157.82 ± 23.77 173.97 ± 24.17 189.56 ± 24.86 219.63 ± 31.13 < 0.001
LDL-C (mg/dL) 86.23 ± 17.13 99.22 ± 17.45 110.98 ± 19.34 132.06 ± 25.66 < 0.001
HDL-C (mg/dL) 55.83 ± 11.43 54.49 ± 11.97 51.95 ± 11.66 50.03 ± 11.56 < 0.001
BUN (mg/dL) 12.70 ± 3.27 12.91 ± 3.32 13.31 ± 3.31 13.60 ± 3.26
Scr (mg/dL) 0.74 ± 0.17 0.78 ± 0.19 0.82 ± 0.18 0.84 ± 0.18 < 0.001
FPG (mg/dL) 86.47 ± 9.70 88.01 ± 10.51 89.87 ± 11.09 92.23 ± 11.68 < 0.001
Values are n (%) or mean ± SD or median (quartile)

sdLDL-C: estimated small dense low-density lipoprotein cholesterol; BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood pressure; ALT: alanine 
aminotransferase; AST: aspartate aminotransferase; TC: total cholesterol; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; 
TG: triglycerides; BUN: blood urea nitrogen; Scr: serum creatinine; FPG: fasting plasma glucose

Table 2  The rate of incident diabetes
sdLDL-C Participants 

(n)
Diabetes 
events (n)

Cumulative 
incidence (95% 
CI) (%)

Per 1000 
person-
year

Overall 118,080 2737 2.32 (2.23–2.40) 7.48
Q1 29,518 198 0.67 (0.58–0.76) 2.14
Q2 29,521 479 1.62 (1.48–1.77) 5.23
Q3 29,519 786 2.66 (2.48–2.85) 8.65
Q4 29,522 1274 4.32 (4.08–4.55) 13.97
P for trend < 0.001 < 0.001
sdLDL-C: estimated small dense low-density lipoprotein cholesterol; CI, 
confidence interval

Fig. 2  Kaplan-Meier Cumulative Hazard curve. Kaplan-Meier analysis of 
incident diabetes based on sdLDL-C levels quartiles (log-rank, P < 0.001)
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BUN, TG, Scr and FPG. Conversely, HDL-C and female 
sex were found to be protective factors against DM.

The relevance of sdLDL-C to DM
Table 4 provides a detailed multivariate analysis that eval-
uated the independent effect of sdLDL-C on the risk of 
DM development. In Model 1, without adjusting for con-
founding variables, a significant correlation was found 
between sdLDL-C and DM risk (HR: 1.04, 95% CI: 1.04–
1.04, P < 0.0001). This relationship persisted in Model 2 
(HR: 1.02, 95% CI: 1.02–1.02, P < 0.0001), which adjusted 
for gender, SBP, age, BMI, DBP, drinking status, smoking 
status and family history of DM. In Model 3, the asso-
ciation continued to be statistically significant (HR: 1.04, 
95% CI: 1.03–1.04, P < 0.0001), which included additional 
adjustments for HDL-C, TC, ALT, AST, FPG, Scr, and 
BUN based on Model 2. Furthermore, individuals in the 
highest sdLDL-C quartile experienced a 194% increased 

risk of DM (HR: 2.94, 95% CI: 2.44–3.55, P < 0.0001) 
when contrasted with the lowest quartile in Model 3

The sensitivity analysis findings
As shown in Model 4 of Table 5, the sensitivity analysis 
on individuals without BMI ≥ 24 kg/m2 confirmed a sig-
nificant positive correlation between sdLDL-C and the 
risk of DM (HR: 1.04, 95% CI: 1.03–1.05, P < 0.0001). Sim-
ilarly, an additional analysis focusing on individuals with 
SBP not reaching 140 or DBP not reaching 90 mmHg, 
similarly demonstrated a significant positive relationship 
between sdLDL-C and DM incidence (HR: 1.04, 95% CI: 
1.03–1.05, P < 0.0001), displayed in in Model 5 of Table 5. 
Furthermore, among individuals with FPG < 6.1 mmol/L, 
a consistent positive relationship between sdLDL-C and 
DM was observed (Model 6; HR: 1.04, 95% CI: 1.04–1.05, 
P < 0.0001). In addition, the E-value (1.25) was found to 
exceed the relative risk associated with sdLDL-C and 
potential unmeasured confounders (1.24). This indicates 
that the influence of unknown or unmeasured confound-
ers on the observed relationship between sdLDL-C and 
DM is likely minimal.

The assessment of the non-linear connection
As demonstrated in Table 6; Fig. 3, a nonlinear connec-
tion between sdLDL-C levels and DM risk was discov-
ered using the Cox proportional hazards regression 
model with cubic spline functions and smooth curve 
fitting. The inflection point for sdLDL-C was calculated 
to be 29.49 mg/dL through a recursive algorithm. A seg-
mented Cox regression analysis was then performed to 

Table 3  The results of the univariate analysis
Statistics HR (95%CI) P value

Gender
Male 63,709 (53.95%) Ref
Female 54,371 (46.05%) 0.50 (0.46, 0.54) < 0.0001
Age (years) 44.31 ± 13.08 1.06 (1.06, 1.07) < 0.0001
BMI (kg/m2) 23.36 ± 3.30 1.22 (1.21, 1.23) < 0.0001
SBP (mmHg) 119.52 ± 16.70 1.04 (1.04, 1.04) < 0.0001
DBP (mmHg) 74.47 ± 10.97 1.04 (1.04, 1.05) < 0.0001
Drinking status
Current-drinker 2826 (2.39%) Ref
Ex-drinker 16,556 (14.02%) 0.55 (0.45, 0.67) < 0.0001
Never-drinker 98,698 (83.59%) 0.43 (0.36, 0.51) < 0.0001
Smoking status
Current-smoker 20,046 (16.98%) Ref
Ex-smoker 4147 (3.51%) 0.79 (0.65, 0.96) 0.0167
Never-smoker 93,887 (79.51%) 0.57 (0.52, 0.62) < 0.0001
Family history of 
diabetes
No 115,430 (97.76%) Ref
Yes 2650 (2.24%) 1.36 (1.11, 1.67) 0.0026
ALT (U/L) 23.81 ± 21.73 1.00 (1.00, 1.00) < 0.0001
AST (U/L) 24.16 ± 12.41 1.01 (1.01, 1.01) < 0.0001
TC (mg/dL) 185.25 ± 34.70 1.01 (1.01, 1.01) < 0.0001
TG (mg/dL) 122.24 ± 92.49 1.00 (1.00, 1.00) < 0.0001
LDL-C (mg/dL) 107.12 ± 26.29 1.01 (1.01, 1.01) < 0.0001
HDL-C (mg/dL) 53.07 ± 11.87 0.99 (0.98, 0.99) < 0.0001
BUN (mg/dL) 13.13 ± 3.31 1.07 (1.06, 1.08) < 0.0001
Scr (mg/dL) 0.80 ± 0.18 1.66 (1.53, 1.80) < 0.0001
FPG (mg/dL) 89.14 ± 10.98 1.14 (1.13, 1.14) < 0.0001
sdLDL-C (mg/dL) 32.81 ± 11.72 1.04 (1.04, 1.04) < 0.0001
BMI: body mass index; SBP: systolic blood pressure; DBP: diastolic blood 
pressure; ALT: alanine aminotransferase; AST: aspartate aminotransferase; TC: 
total cholesterol; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-
density lipoprotein cholesterol; TG: triglycerides; BUN: blood urea nitrogen; Scr: 
serum creatinine; FPG: fasting plasma glucose; sdLDL-C: estimated small dense 
low-density lipoprotein cholesterol; HR, hazard ratios; CI, confidence interval; 
Ref, reference

Table 4  Relationship between sdLDL-C and incident diabetes in 
different models
Exposure Model 1 

(HR.,95% CI, P)
Model 2 
(HR,95% CI, P)

Model 3 
(HR,95% 
CI, P)

sdLDL-C 1.04 (1.04, 
1.04) < 0.0001

1.02 (1.02, 
1.02) < 0.0001

1.04 (1.03, 
1.04) < 0.0001

sdLDL-C 
(quartile)
Q1 Ref Ref Ref
Q2 2.56 (2.17, 

3.02) < 0.0001
1.58 (1.34, 
1.87) < 0.0001

1.69 (1.43, 
2.01) < 0.0001

Q3 4.34 (3.71, 
5.07) < 0.0001

1.80 (1.54, 
2.12) < 0.0001

2.09 (1.76, 
2.48) < 0.0001

Q4 7.07 (6.09, 
8.21) < 0.0001

2.27 (1.94, 
2.65) < 0.0001

2.94 (2.44, 
3.55) < 0.0001

P for trend < 0.0001 < 0.0001 < 0.0001
Model 1: we did not adjust for any covariants

Model 2: we adjusted for gender, age, SBP, DBP, family history of diabetes, 
drinking status, smoking status, and BMI

Model 3: we adjusted for gender, age, SBP, DBP, family history of diabetes, 
drinking status, smoking status, BMI, HDL-C, TC, ALT, AST, Scr, BUN, and FPG

sdLDL-C: estimated small dense low-density lipoprotein cholesterol; HR: hazard 
ratios; CI: confidence interval; Ref: reference
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estimate the HR and CI on both sides of this threshold. 
The HR was measured at 1.08 (95% CI: 1.06–1.10) when 

sdLDL-C was below 29.49  mg/dL, and it decreased to 
1.03 (95% CI: 1.03–1.04) when above 29.49 mg/dL.

Discussion
This large-scale retrospective cohort study revealed a 
non-linear positive relationship between sdLDL-C and 
the risk of developing DM. Notably, sdLDL-C levels 
below 29.49  mg/dL were more strongly associated with 
an elevated risk of DM.

Increasing evidence indicates that sdLDL-C is cor-
related with atherosclerosis, coronary heart disease 
and diabetes status [28–30]. In a study of 3,684 T2DM 
patients undergoing selective coronary angiography, ele-
vated serum sdLDL-C was found to increase coronary 
heart disease severity and predict future cardiovascular 
events [31]. Similarly, a cohort study involving 887 com-
munity members found that elevated sdLDL-C levels 
were linked to a higher risk of carotid plaque formation 
in individuals with normal LDL-C levels, after control-
ling for variables including age, smoking, BMI, sex, alco-
hol use, hypertension, diabetes, and follow-up duration 
[32]. Another study involving 4,388 Japanese partici-
pants showed significantly elevated sdLDL-C levels in 
the early stages of metabolic syndrome and T2DM with 
impaired glucose tolerance compared to healthy controls 
[33]. Furthermore, an investigation involving 594 healthy 
participants between the ages of 35 and 65 without coro-
nary heart disease revealed a meaningful relationship 
between sdLDL-C quartiles and glucose metabolism 
markers, even after adjusting for gender, hypertension, 
BMI, household income, alcohol consumption, smoking 
and age [34]. In addition, a cross-sectional observational 
study of newly identified T2DM individuals with ideal or 
nearly ideal lipid levels also found a greater proportion 
of sdLDL-C compared to healthy controls [35]. Despite 
these findings, limited evidence is available on the con-
nection between sdLDL-C levels and the onset of DM. In 
our study, we identified a nonlinear, positive association 

Table 5  Relationship between sdLDL-C levels and incident diabetes in different sensitivity analyses
Exposure Model 4 (HR,95%CI, P) Model 5 (HR,95%CI, P) Model 6 (HR,95%CI, P)
sdLDL-C 1.04 (1.03, 1.05) < 0.0001 1.04 (1.03, 1.05) < 0.0001 1.04 (1.04, 1.05) < 0.0001
sdLDL-C (quartile)
Q1 Ref Ref Ref
Q2 1.61 (1.24, 2.09) 0.0004 1.53 (1.25, 1.88) < 0.0001 1.67 (1.34, 2.08) < 0.0001
Q3 2.14 (1.64, 2.81) < 0.0001 2.01 (1.64, 2.47) < 0.0001 2.24 (1.80, 2.78) < 0.0001
Q4 3.02 (2.21, 4.14) < 0.0001 2.92 (2.32, 3.68) < 0.0001 3.17 (2.47, 4.07) < 0.0001
P for trend < 0.0001 < 0.0001 < 0.0001
Model 4 was sensitivity analysis in participants without BMI ≥ 24 kg/m2. We adjusted gender, age, SBP, DBP, family history of diabetes, drinking status, smoking status, 
BMI, HDL-C, TC, ALT, AST, Scr, BUN, and FPG

Model 5 was sensitivity analysis in participants without SBP ≥ 140 or DBP ≥ 90 mmHg. We adjusted gender, age, SBP, DBP, family history of diabetes, drinking status, 
smoking status, BMI, HDL-C, TC, ALT, AST, Scr, BUN, and FPG

Model 6 was sensitivity analysis in participants without FPG ≥ 6.1 mmol/L. We adjusted gender, age, SBP, DBP, family history of diabetes, drinking status, smoking 
status, BMI, HDL-C, TC, ALT, AST, Scr, BUN, and FPG

sdLDL-C: estimated small dense low-density lipoprotein cholesterol; HR, hazard ratios; CI, confidence, Ref: reference

Table 6  The result of the two-piecewise Cox proportional 
hazards regression model
Incident diabetes HR (95%CI) P
Fitting model by two-piecewise Cox proportional hazards 
regression
The inflection point of sdLDL-C 29.49
≤ 29.49 1.08 (1.06, 1.10) < 0.0001
> 29.49 1.03 (1.03, 1.04) < 0.0001
P for the log-likelihood ratio test < 0.001
We adjusted for gender, age, SBP, DBP, family history of diabetes, drinking 
status, smoking status, BMI, HDL-C, TC, ALT, AST, Scr, BUN, and FPG

sdLDL-C: estimated small dense low-density lipoprotein cholesterol; HR: hazard 
ratios; CI: confidence

Fig. 3  The nonlinear relationship between sdLDL-C levels and incident 
diabetes. A nonlinear relationship between sdLDL-C levels and incident 
diabetes was detected after adjustment for gender, age, SBP, DBP, family 
history of diabetes, drinking status, smoking status, BMI, HDL-C, TC, ALT, 
AST, Scr, BUN, and FPG
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between sdLDL-C and DM risk after adjusting for con-
founders. Our observations revealed an inflection point 
at a sdLDL-C concentration of 29.49 mg/dL. Below this 
threshold, an increase of one unit in sdLDL-C correlated 
with an 8% greater risk of developing DM (HR = 1.08, 
95% CI: 1.06–1.10). Above the inflection point, the risk 
increase was more modest, with each additional unit of 
sdLDL-C corresponding to a 3% increased likelihood of 
developing DM (HR = 1.03, 95% CI: 1.03–1.04). These 
findings imply that reducing sdLDL-C levels is associ-
ated with a lower risk of DM, with a more pronounced 
risk reduction observed when sdLDL-C levels fall below 
29.49  mg/dL. Sensitivity analyses further confirmed the 
robustness of this association, showing consistent results 
in individuals without obesity or hypertension. Our 
findings suggest that sdLDL-C may serve as a valuable 
biomarker for the risk stratification of DM. Given the 
observed association between elevated sdLDL-C levels 
and an increased risk of DM, sdLDL-C could potentially 
be incorporated into clinical practice to identify individu-
als at higher risk for developing DM. This would enable 
earlier interventions, such as lifestyle modifications or 
targeted therapies, aimed at reducing DM incidence. 
Furthermore, sdLDL-C could complement existing risk 
assessment tools, particularly in populations where tra-
ditional risk factors, such as obesity or family history, 
may not fully capture DM risk. Future studies are war-
ranted to validate these findings in diverse populations 
and to explore the feasibility of integrating sdLDL-C into 
routine clinical risk assessment frameworks. Such efforts 
could ultimately enhance the precision of DM prevention 
strategies and improve patient outcomes.

In our study, the nonlinear relationship between 
sdLDL-C and DM risk, with an inflection point at 
29.49  mg/dL, suggests that the association may vary 
across different sdLDL-C levels. Participants with sdLDL-
C levels above the inflection point were observed to have 
higher BMI, BUN, FPG, TC, TG, LDL-C, and Scr levels, 
as well as lower HDL-C levels (Table S2). These factors 
are well-established risk factors for diabetes and may 
collectively attenuate the independent contribution of 
sdLDL-C to DM risk, thereby weakening the association 
between sdLDL-C and DM above the inflection point. 
Additionally, at higher sdLDL-C levels, the metabolic 
pathways contributing to diabetes risk, such as oxidative 
stress, inflammation, and insulin resistance, may already 
be maximally activated [29, 34, 36]. This saturation effect 
could result in a plateau or reduction in the relative con-
tribution of sdLDL-C to DM risk. In contrast, below the 
inflection point, the relative contribution of sdLDL-C to 
DM risk may be more pronounced due to the absence or 
lower levels of other competing risk factors. This could 
explain the steeper increase in DM risk at lower sdLDL-
C levels. Further studies are needed to validate these 

hypotheses and elucidate the precise biological mecha-
nisms underlying this nonlinear relationship.

The exact role of sdLDL-C in the development of DM 
remains inadequately understood. Increased concentra-
tions of sdLDL-C were related to insulin resistance, a 
fundamental metabolic abnormality [37, 38]. Evidence 
from prior researches demonstrates that triglyceride 
metabolism plays a significant role in regulating sdLDL-
C production [39]. In states of insulin resistance, an 
elevated availability of free fatty acids (FFAs) drives liver 
release of very low-density lipoprotein (VLDL) while 
simultaneously inhibiting the degradation of apolipopro-
tein B [40]. The excessive production of VLDL1 facilitates 
the generation of sdLDL-C through metabolic pathways 
involving cholesteryl ester transfer protein and hepatic 
lipase [39, 40]. Furthermore, elevated sdLDL-C levels 
have been implicated in worsening insulin resistance. It 
was proposed that the predominance of sdLDL-C may 
act as a central element in the progress of insulin resis-
tance in individuals without diabetes [41]. This bidirec-
tional interaction suggests that while insulin resistance 
contributes to increased sdLDL-C levels, the latter may, 
aggravate insulin resistance in turn. Based on these 
observations, we propose that a combination of mecha-
nisms, including both insulin resistance and insulin defi-
ciency, may contribute to the development of diabetes in 
individuals with elevated sdLDL-C levels.

This study presents several significant strengths. First, 
it is a large-scale cohort study conducted in China, pro-
viding an extensive and reliable dataset that improves 
the applicability of our findings to broader popula-
tions. Additionally, we confirmed the consistent asso-
ciation between sdLDL-C and diabetes risk, even after 
considering numerous traditional confounders, which 
underscores the robustness of this link. Importantly, 
our analysis identified a non-linear, positive correlation 
between sdLDL-C and DM, offering new perspectives to 
the existing research. Finally, the sensitivity analyses were 
applied to ensure the validity and reliability of our find-
ings, further strengthening the methodological rigor of 
the study.

It is necessary to recognize the limitations of this 
study. First, the definition of DM applied in this research 
excluded oral glucose tolerance testing, which could 
have led to an underestimation of DM prevalence. Sec-
ond, the absence of repeated measurements of sdLDL-
C restricted our ability to evaluate the role of temporal 
alterations in sdLDL-C levels in influencing the risk of 
DM. Third, since the study was conducted exclusively 
within a Chinese population, the findings may have 
restricted applicability to geographically or ethnically 
diverse populations. Fourth, sdLDL-C levels were esti-
mated using a validated formula based on LDL-C, and 
TG levels in this study. While this formula provides a 
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practical and cost-effective alternative to direct measure-
ment methods, such as ultracentrifugation, it is impor-
tant to acknowledge its potential limitations. The use of 
an estimated value may introduce some degree of mea-
surement error, which could affect the precision of the 
observed associations. However, the formula has been 
validated in large population-based studies and has dem-
onstrated strong correlations with directly measured 
sdLDL-C levels [18–21]. Although we were unable to 
validate the formula specifically in our study population 
due to the lack of directly measured sdLDL-C data, vali-
dation studies conducted in similar populations support 
its applicability in this context. Fifth, despite our efforts 
to adjust for known confounders, unmeasured variables 
such as antihyperlipidemic drug, weight loss, dietary hab-
its, physical activity, socioeconomic status and genetic 
predispositions may have influenced the observed asso-
ciation between sdLDL-C and incident diabetes. How-
ever, our calculation of the E-value (1.25) exceeds the 
estimated relative risk of the association between sdLDL-
C and potential unmeasured confounders (1.24). This 
finding suggests that the observed relationship between 
sdLDL-C and incident diabetes is likely to be indepen-
dent of these unmeasured factors. In future prospective 
studies, we will endeavour to minimise missing data and 
collect and integrate data on antihyperlipidemic drug, 
weight loss, dietary habits, physical activity, socioeco-
nomic status and genetic predispositions to ensure a 
wider representation of the population in order to further 
validate and strengthen our findings. Sixth, the reliance 
on FPG and self-reported DM may result in a misclassi-
fication bias, potentially underestimating the true preva-
lence of DM in the study population. This could attenuate 
the observed association between sdLDL-C and DM, as 
some cases of DM may have been missed. In the future, 
we will design studies to further validate the stability of 
our results by diagnosing diabetes through oral glucose 
tolerance test and HbA1c. Seventh, although our find-
ings suggest a significant association between elevated 
sdLDL-C levels and an increased risk of DM, the poten-
tial for reverse causality cannot be excluded. Individuals 
with higher sdLDL-C levels may have underlying meta-
bolic abnormalities, such as insulin resistance or sub-
clinical inflammation, that contribute both to elevated 
sdLDL-C levels and an increased risk of DM. While we 
adjusted for known confounders in our analysis, resid-
ual confounding from unmeasured metabolic factors 
may still exist. Future longitudinal studies with repeated 
measurements of sdLDL-C and metabolic markers are 
needed to better elucidate the temporal relationship and 
causality between sdLDL-C and DM. Finally, the origi-
nal study excluded participants with visit intervals of less 

than two years and did not provide information on par-
ticipants with less than 2 years of follow-up. In the pres-
ent study, 4,636 participants (3.93%) had FPG levels ≥ 6.1 
mmol/L, making the development of diabetes within two 
years inevitable. Therefore, we preferred to exclude par-
ticipants with less than two years of follow-up, which 
could have led to selection bias. For future research, we 
plan to design a new study that includes participants with 
follow-up durations of less than two years. This approach 
will enable us to evaluate the effects of short-term follow-
up on changes in glucose metabolism and provide a more 
comprehensive understanding of the study population.

Conclusion
This investigation reveals a nonlinear positive connec-
tion between sdLDL-C levels and the risk of developing 
DM in Chinese adults. Notably, sdLDL-C levels lower 
than 29.49 mg/dL were strongly associated with a greater 
risk of DM. It was emphasized that the critical role of 
sdLDL-C as a predictive biomarker for DM, highlighting 
its potential application in clinical settings for risk strati-
fication and the development of preventive interventions.
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