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Abstract
Background
The established association between the non-high-density lipoprotein cholesterol to high-density lipoprotein cholesterol ratio (NHHR) and cardiovascular disease (CVD) risk has been well-documented. Nevertheless, the relationship between changes in NHHR and CVD events remains to be elucidated. The present study aims to clarify the correlation between NHHR change patterns and the incidence of CVD across a broad population.

Methods
The current study recruited participants from the China Health and Retirement Longitudinal Study (CHARLS). The NHHR index was calculated using the formula: NHHR = (TC-HDL-c)/HDL-c. Temporal changes in NHHR were assessed with latent profile analysis, and cumulative NHHR was also evaluated. Multivariable Cox proportional hazards regression models and multivariate-adjusted restricted cubic spline (RCS) analyses were employed to examine the association between the NHHR index and incident CVD.

Results
A total of 4,629 individuals were recruited for the study. The average age of the participants was 57.47 years, with 53.7% being female. Over the follow-up period, 879 cases of CVD were documented. Compared to participants in the lowest tertile, those in the highest tertile for both baseline NHHR and cumulative NHHR exhibited a significantly increased risk of CVD, with adjusted hazard ratios (HRs) of 1.43 (95% confidence interval [CI]: 1.21–1.70) and 1.45 (95% CI: 1.23–1.72), respectively. Participants classified in Class 2 demonstrated a 27% higher risk of CVD, while those in Class 3 showed a 41% greater risk compared to the Class 1 group. Further analysis revealed that this relationship was linear. Stratified analyses corroborated the primary findings.

Conclusion
Baseline NHHR, cumulative NHHR, and changes in NHHR are significantly associated with an increased risk of CVD among individuals aged 45 years and older, thereby confirming their potential as valuable tools for risk stratification in CVD.
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Background
Cardiovascular disease (CVD) is the foremost cause of mortality among non-communicable diseases globally, accounting for approximately 19.9 million deaths annually [1]. Projections indicate that this figure will escalate to 35.6 million by 2050, imposing substantial strain and presenting significant challenges to healthcare systems, particularly in developing nations [2, 3]. Additionally, the burden of CVD is expected to continue increasing, driven primarily by the population aging [4, 5]. Consequently, it is imperative to investigate the factors influencing CVD and to implement early prevention strategies to mitigate the risk of adverse cardiovascular events, thereby alleviating the overall burden of CVD.
Abnormal lipid metabolism has been extensively linked to CVD in numerous studies [6–8]. The ratio of non-high-density lipoprotein cholesterol (non-HDL-c) to high-density lipoprotein cholesterol (HDL-c), referred to as the non-HDL-to-HDL-cholesterol ratio (NHHR), is a significant composite biomarker for evaluating atherosclerosis and has garnered considerable attention [9, 10]. Extensive literature has highlighted the substantial predictive value of NHHR for established cardiovascular risk factors, such as diabetes, hypertension, nonalcoholic fatty liver disease (NAFLD), and obstructive sleep apnea hypopnea syndrome [11–14]. Moreover, NHHR, which incorporates both atherogenic and anti-atherogenic lipoproteins, demonstrates superior predictive capability compared to either fraction alone concerning cardiovascular-related events [15–17]. Although the correlation between NHHR and the onset of CVD has been established, most existing studies have predominantly focused on individuals with prediabetes and diabetes. This focus may overemphasize the role of NHHR and limit its applicability in other clinical contexts. More importantly, these studies typically considered only a single NHHR measurement, which may not provide an exhaustive examination of the exposure. Currently, evidence regarding the association between changes in NHHR and CVD risk remains limited.
Consequently, this study aims to comprehensively explore the longitudinal association of NHHR with CVD incidence using a large-scale Chinese cohort. The findings may contribute to the early identification of high-risk individuals and support the development of tailored interventions.

Methods
Study design and population
The data used in this study were obtained from the China Health and Retirement Longitudinal Study (CHARLS), an ongoing, population-based prospective cohort study. A multistage stratified probability sampling method was employed to recruit over 17,708 participants from 150 counties across 28 provinces in China at baseline, ensuring the representativeness and reliability of the sample. The baseline survey officially commenced in 2011, followed by four subsequent follow-up surveys conducted in 2013, 2015, 2018, and 2020. Additional comprehensive information regarding the study design has been detailed elsewhere [18].
In the present study, a total of 17,708 participants were initially recruited for the baseline survey. Following the predefined exclusion criteria, 13,041 participants were excluded from the analysis. The primary reasons for exclusion were as follows: unavailable NHHR data at wave 1 and wave 3 (n = 10,229), receipt of antihyperlipidemic treatment (n = 422), cancer diagnosis (n = 51), age less than 45 years or missing age information (n = 213), diagnosis of CVD at or prior to wave 3 (n = 1,397), unclear CVD status or follow-up dropout (n = 729), and cumulative NHHR values falling outside the range of mean ± 3 standard deviation (SD) (n = 38). Ultimately, 4,629 participants were eligible for the final analysis (Fig. 1).
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Fig. 1Flowchart of the study population. (A) the timeline of the study; (B) the inclusion and exclusion of participants. Abbreviations: CVD cardiovascular disease, NHHR non-high-density lipoprotein cholesterol to high-density lipoprotein cholesterol ratio, T1–3 tertile1–3



Data collection and definition
The data was collected by medically trained interviewers through face-to-face interviews using a meticulously designed, standardized, and structured questionnaire. The questionnaires covered an extensive range of variables, including sociodemographic characteristics (age, gender, residential areas, marital status, education level), lifestyle factors (smoking and drinking status), anthropometric measurements (body mass index [BMI]), medical history (diabetes, hypertension, lung disease, kidney disease), and laboratory test results (hemoglobin levels, white blood cell [WBC], total cholesterol [TC], triglycerides [TG], high-density lipoprotein cholesterol [HDL-c], low-density lipoprotein cholesterol [LDL-c], serum creatinine, uric acid [UA], high sensitivity C-reactive protein [hsCRP]).
Diabetes was diagnosed in participants who met at least one of the following criteria: (1) a self-reported history of diabetes; (2) current use of antihyperglycemic medications or insulin therapy; (3) fasting plasma glucose (FPG) levels ≥ 7.0 mmol/L and/or HbA1c (glycosylated hemoglobin A1c) levels ≥ 6.5% at baseline [19]. Hypertension was diagnosed in participants who met at least one of the following criteria: (1) a self-reported history of hypertension; (2) current use of antihypertensive medications; (3) mean blood pressure ≥ 140/90 mmHg [20]. Venous blood samples were collected from participants after an overnight fast of at least 8 h. Complete blood counts were performed locally, whereas other blood indicators were analyzed in Beijing within two weeks of sample transport, following standard procedures.

Ascertainment of exposures and outcomes
Respondents underwent blood tests at wave 1 and wave 3 of the study. Lipid profiles were measured using an enzymatic colorimetric method, with coefficients of variation of 0.80% for TC and 1.00% for HDL-c, respectively. The NHHR was calculated using the formula: NHHR = non-HDL-c (mg/dL)/HDL-c (mg/dL), where non-HDL-c (mg/dL) is derived by subtracting HDL-c (mg/dL) from TC (mg/dL) [21]. Exposure variables were defined as follows: (1) Baseline NHHR = non-HDL-cwave1 (mg/dL)/HDL-cwave1 (mg/dL). (2) Cumulative NHHR = (NHHRwave1 + NHHRwave3)/2 × time (2015 − 2012) [22]. (3) Changes in NHHR over time: Changes in NHHR over time were quantified as the difference in NHHR between wave 1 and wave 3. Subgroups exhibiting similar patterns of NHHR changes were identified through latent profile analysis (LPA). The optimal number of classes was determined based on fit indices, as detailed in the statistical analysis section.
The primary outcome was the incidence of CVD during the follow-up period from wave 3 to wave 5, with priority given to the earlier occurrence of stroke and/or heart disease. The occurrence of these primary events was determined based on self-reported medical diagnoses. Participants were asked a standardized question: “Have you ever been diagnosed with stroke or any form of heart disease, including myocardial infarction, coronary artery disease, angina, heart failure, or other heart diseases?”. Trained interviewers implemented rigorous quality control measures for data documentation and confirmation to ensure the reliability and accuracy of the data.

Statistical analysis
LPA was utilized to identify subgroups exhibiting similar patterns in NHHR changes. Six models were sequentially constructed, each with an incrementally increasing number of latent classes. To determine the optimal class solution, several fit indices were evaluated: the Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), adjusted Bayesian Information Criterion (aBIC), Bootstrapped Likelihood Ratio Test (BLRT), Lo-Mendell-Rubin likelihood ratio test (LMR), as well as minimum sample proportions. These results are summarized in Table S1. Among the models considered, those with relatively lower AIC and aBIC values were given priority. Models 5 and 6 did not provide significant improvements over models with one fewer class. Model 4 was excluded due to its sample proportion being less than 5%, which is deemed insufficient for reliable statistical inference. Based on both statistical criteria and interpretability, Model 3 was identified as the most appropriate model for our dataset. Participants were categorized into three distinct groups (Fig. S1): Class 1 comprised individuals with consistently low NHHR values across all waves. Class 2 included participants with moderate NHHR levels that exhibited a gradual decline over time. Class 3 consisted of subjects with initially high NHHR levels, characterized by a significant decrease.
Participants were categorized into three distinct groups according to predefined criteria: tertiles (T) of baseline NHHR, tertiles of cumulative NHHR, and changes in NHHR over time. To compare the characteristics among these groups, One-way ANOVA or the Kruskal-Wallis test was utilized for continuous variables as appropriate, while the chi-square test was employed for categorical variables. Continuous variables were expressed as mean (SD) if they exhibited a normal distribution, or as median (IQR) otherwise. Categorical variables were presented as number (percentage).
Prior to formal analyses, multicollinearity diagnostics were conducted on the variables included in the study. Clinical variables exhibiting significant collinearity were identified using a threshold of GVIF^(1/2DF) ≥ 2 (GVIF: generalized variance inflation factor; DF: degrees of freedom) (Table S2). Additionally, to address missing data, multiple imputation by chained equations (MICE) was utilized, as detailed in Table S3. Specifically, five imputed datasets were generated using MICE. The associations between exposure and CVD were then estimated independently within each of the five imputed datasets. The estimated coefficients from these five models were pooled to derive the final results.
We assessed the risk of CVD based on tertiles of baseline NHHR, cumulative NHHR, and changes in NHHR. Kaplan-Meier curves were used to estimate the cumulative incidence of CVD, and the difference between groups was evaluated via the log-rank test. The incidence rates of CVD events were expressed as per 1000 person-years. Cox proportional-hazards regression analysis was utilized to examine the association between NHHR and CVD. The proportional hazards assumption was validated using Schoenfeld residuals, which showed no evidence of violations. To account for potential confounding factors, three hierarchical models were constructed: Model 1 adjusted for age and sex; Model 2 additionally adjusted for smoking status, drinking status, residential area, marital status, education level, and BMI; and Model 3 further adjusted for diabetes, hypertension, kidney disease, lung disease, hemoglobin levels, serum creatinine, UA, and hsCRP.
To explore the dose-esponse relationship between continuous variables (baseline NHHR and cumulative NHHR) and CVD, we employed restricted cubic spline (RCS) models with varying numbers of knots, caculating the corresponding AIC and BIC values (Table S4). The RCS model with three knots positioned at the 10th, 50th, and 90th percentiles was selected based on its minimal AIC and BIC values.
Stratified analyses were performed to assess the consistency of the association between baseline NHHR, cumulative NHHR, and changes in NHHR with CVD risk. Participants were stratified by sex (male vs. female), age (< 60 years vs. ≥ 60 years), BMI (< 24 kg/m2 vs. ≥ 24 kg/m2), diabetes (yes vs. no), and hypertension (yes vs. no). The significance of multiplicative interactions was examined using likelihood ratio test. Furthermore, E-values were calculated to assess the potential impact of unobserved confounding factors.
All statistical analyses were performed using R software (version 4.2.2) and Mplus software (version 8.3). A two-sided P value less than 0.05 was considered statistically significant.


Results
Baseline characteristics of participants according to NHHR change
A total of 4,629 participants (53.7% female) were included in the present study, with a mean age of 57.47 ± 8.38 years. The sample sizes for the three classes were 2,621, 1,607, and 311, respectively. Table 1 summarizes the baseline clinical characteristics of the participants stratified by NHHR progression. Compared to Class 1, participants in the other classes exhibited a lower proportion of rural residence and drinking, as well as a higher prevalence of diabetes and hypertension. Additionally, levels of hemoglobin, WBC, TC, TG, LDL-c, serum creatinine, UA, hsCRP, NHHRwave1, NHHRwave3, and cumulative NHHR were significantly elevated. Conversely, HDL-c levels were lower. Moreover, the baseline clinical characteristics of participants categorized by baseline NHHR tertiles and cumulative NHHR tertiles are detailed in Table S5-S6.
Table 1Baseline characteristics according to the categories of change in NHHR


	Characteristics
	Overall
	Change in NHHR
	P

	Class 1
	Class 2
	Class 3
	 
	N
	4629
	2621
	1697
	311
	 
	Age, years, (mean (SD))
	57.47 (8.38)
	57.56 (8.53)
	57.52 (8.23)
	56.49 (7.90)
	0.101

	Female, n (%)
	2485 (53.7)
	1363 (52.0)
	941 (55.5)
	181 (58.2)
	0.022

	Smoking, n (%)
	 	 	 	 	0.007

	 Never smoker
	2866 (62.8)
	1583 (61.4)
	1085 (64.6)
	198 (64.1)
	 
	 Former smoker
	302 (6.6)
	154 (6.0)
	128 (7.6)
	20 (6.5)
	 
	 Current smoker
	1399 (30.6)
	842 (32.6)
	466 (27.8)
	91 (29.4)
	 
	Drinking, n (%)
	 	 	 	 	 
	 No
	2805 (60.6)
	1513 (57.7)
	1092 (64.5)
	200 (64.3)
	< 0.001

	 Yes
	1820 (39.4)
	1107 (42.3)
	602 (35.5)
	111 (35.7)
	 
	BMI, (kg/m2)
	22.98 (20.87, 25.39)
	22.07 (20.21, 24.12)
	24.15 (21.90, 26.40)
	24.93 (22.81, 27.54)
	< 0.001

	Rural residence, n (%)
	3138 (67.8)
	1869 (71.3)
	1073 (63.2)
	196 (63.0)
	< 0.001

	Marital status, n (%)
	 	 	 	 	 
	 Married and living with spouse
	614 (13.3)
	368 (14.0)
	213 (12.6)
	33 (10.6)
	0.134

	 Others
	4015 (86.7)
	2253 (86.0)
	1484 (87.4)
	278 (89.4)
	 
	Education, n (%)
	 	 	 	 	0.250

	 Junior high school and below
	4212 (91.0)
	2400 (91.6)
	1534 (90.4)
	278 (89.4)
	 
	 Senior high school and above
	417 (9.0)
	221 (8.4)
	163 (9.6)
	33 (10.6)
	 
	Diabetes, n (%)
	572 (12.5)
	232 (9.0)
	259 (15.5)
	81 (26.6)
	< 0.001

	Hypertension, n (%)
	1534 (36.4)
	750 (31.6)
	639 (41.1)
	145 (50.5)
	< 0.001

	Kidney disease, n (%)
	183 (4.0)
	114 (4.4)
	59 (3.5)
	10 (3.2)
	0.283

	Lung disease, n (%)
	344 (7.4)
	213 (8.1)
	115 (6.8)
	16 (5.2)
	0.072

	Hemoglobin, g/dL
	14.20 (13.00, 15.50)
	14.10 (12.90, 15.30)
	14.30 (13.10, 15.60)
	14.60 (13.30, 15.90)
	< 0.001

	WBC, 109/L
	5.90 (4.90, 7.10)
	5.80 (4.80, 6.90)
	6.07 (5.06, 7.30)
	6.30 (5.38, 7.50]
	< 0.001

	TC, mg/dL
	189.43 (166.62, 214.18)
	179.38 (159.67, 202.19)
	199.87 (177.84, 224.23)
	224.23 (197.94, 249.16)
	< 0.001

	TG, mg/dL
	101.78 (73.46, 148.68)
	83.19 (63.72, 110.62)
	130.10 (96.46, 181.43)
	230.99 (170.80, 337.18)
	< 0.001

	HDL-c, mg/dL
	49.87 (40.98, 60.70)
	57.22 (49.10, 66.88)
	43.30 (37.50, 49.48)
	32.47 (28.22, 37.11)
	< 0.001

	LDL-c, mg/dL
	113.66 (93.17, 136.47)
	104.77 (87.37, 122.55)
	128.74 (107.47, 150.00)
	135.31 (95.49, 162.95)
	< 0.001

	Serum creatinine, mg/dL
	0.75 (0.64, 0.87)
	0.73 (0.63, 0.86)
	0.76 (0.64, 0.88)
	0.78 (0.67, 0.90)
	< 0.001

	UA, mg/dL
	4.20 (3.51, 5.06)
	4.08 (3.42, 4.90)
	4.34 (3.63, 5.20)
	4.64 (3.92, 5.56)
	< 0.001

	hsCRP, mg/L
	0.92 (0.51, 1.88)
	0.77 (0.46, 1.62)
	1.10 (0.62, 2.13)
	1.30 (0.76, 2.55)
	< 0.001

	NHHRwave1
	2.76 (2.05, 3.67)
	2.15 (1.74, 2.56)
	3.65 (3.19, 4.16)
	5.71 (5.27, 6.56)
	< 0.001

	NHHRwave3
	2.58 (2.06, 3.19)
	2.15 (1.79, 2.48)
	3.18 (2.84, 3.54)
	3.97 (3.57, 4.43)
	< 0.001

	Cumulative NHHR
	8.06 (6.30, 10.14)
	6.53 (5.51, 7.57)
	10.14 (9.28, 11.26)
	14.63 (13.77, 16.01)
	< 0.001


Abbreviations: BMI body mass index, HDL-c high-density lipoprotein cholesterol, hsCRP high-sensitivity C-reactive protein, LDL-c low-density lipoprotein cholesterol, SD standard deviation, TC total cholesterol, TG triglycerides, UA uric acid, WBC white blood cell




Association of baseline NHHR, cumulative NHHR with incident CVD
During a median follow-up period of 108 months, a total of 879 CVD events were documented, corresponding to an incidence rate of 21.71 per 1000 person-years.
The incidence of CVD was observed to progressively increase with higher baseline and cumulative NHHR tertiles (Table 2). As depicted in Figures S2-S3, Kaplan-Meier survival curves indicated a significantly elevated cumulative incidences of CVD among individuals in higher NHHR tertiles (log-rank P < 0.05 for both). Multivariate-adjusted RCS curves (Fig. 2) demonstrated a linear relationship between NHHR and CVD risk (P for nonlinearity > 0.05 for both). After adjusting for potential confounding variables (Model 3), the corresponding hazard ratios (HRs) and 95% confidence intervals (CIs) indicated that each SD increase in baseline NHHR and cumulative NHHR was linked to a 14% (HR = 1.14, 95% CI: 1.07–1.22) and 15% (HR = 1.15, 95% CI: 1.08–1.23) increased risk of CVD, respectively. Using the baseline NHHR T1 group as the reference, the fully adjusted HRs for T2 and T3 groups were 1.26 (95% CI: 1.06–1.50) and 1.43 (95% CI: 1.21–1.70), respectively. Similar results were observed when stratifying individuals by cumulative tertiles. The E-values for the T2 and T3 groups were 1.63 (lower CI: 1.25) and 1.88 (lower CI: 1.54) for baseline NHHR, 1.56 (lower CI: 1.13) and 1.91 (lower CI: 1.58) for cumulative NHHR.
Table 2Association between baseline, cumulative, and change in NHHR and the risk of CVD incidence


	NHHR
	Number of events
	Incident ratea
	Model 1
	Model 2
	Model 3

	HR (95% CI)
	P
	HR (95% CI)
	P
	HR (95% CI)
	P

	Baseline NHHR
	 	 	 	 	 	 	 
	Per SD increase
	879
	21.71 (20.33–23.19)
	1.16 (1.10–1.24)
	< 0.001
	1.17 (1.10–1.24)
	< 0.001
	1.14 (1.07–1.22)
	< 0.001

	 Tertiles
	 	 	 	 	 	 	 	 
	 T1
	240
	17.69 (15.57–20.09)
	Ref
	 	Ref
	 	Ref
	 
	 T2
	299
	22.13 (19.74–24.78)
	1.29 (1.09–1.53)
	0.003
	1.30 (1.10–1.55)
	0.002
	1.26 (1.06–1.50)
	0.008

	 T3
	340
	25.37 (22.8–28.21)
	1.50 (1.27–1.77)
	< 0.001
	1.51 (1.28–1.79)
	< 0.001
	1.43 (1.21–1.70)
	< 0.001

	 P for trend
	 	 	 	< 0.001
	 	< 0.001
	 	< 0.001

	Cumulative NHHR
	 	 	 	 	 	 	 
	Per SD increase
	879
	21.71 (20.33–23.19)
	1.17 (1.10–1.25)
	< 0.001
	1.18 (1.10–1.25)
	< 0.001
	1.15 (1.08–1.23)
	< 0.001

	 Tertiles
	 	 	 	 	 	 	 	 
	 T1
	241
	17.78 (15.65–20.18)
	Ref
	 	Ref
	 	Ref
	 
	 T2
	295
	21.80 (19.44–24.44)
	1.24 (1.05–1.47)
	0.012
	1.26 (1.06–1.49)
	0.009
	1.22 (1.02–1.45)
	0.026

	 T3
	343
	25.61 (23.03–28.46)
	1.49 (1.27–1.76)
	< 0.001
	1.51 (1.28–1.79)
	< 0.001
	1.45 (1.23–1.72)
	< 0.001

	 P for trend
	 	 	 	< 0.001
	 	< 0.001
	 	< 0.001

	Change in NHHR
	 	 	 	 	 	 	 
	 Class 1
	442
	19.21 (17.5–21.09)
	Ref
	 	Ref
	 	Ref
	 
	 Class 2
	365
	24.67 (22.26–27.34)
	1.30 (1.14–1.50)
	< 0.001
	1.31 (1.14–1.51)
	< 0.001
	1.27 (1.10–1.46)
	0.001

	 Class 3
	72
	26.81 (21.18–33.83)
	1.49 (1.16–1.91)
	0.002
	1.50 (1.17–1.92)
	0.002
	1.41 (1.09–1.83)
	0.009


Model 1: adjusted for age, sex
Model 2: model1 + further adjusted for smoking, drinking, rural residence, marital status, education, and BMI
Model 3: model 2 + further adjusted for diabetes, hypertension, kidney disease, lung disease, hemoglobin, Serum creatinine, UA, and hsCRP
aIncident rate was reported as per 1000 person-years of follow-up
Abbreviations: BMI body mass index, CI confidence interval, HR hazard ratio, hsCRP high-sensitivity C-reactive protein, NHHR non-high-density lipoprotein cholesterol to high-density lipoprotein cholesterol ratio, T1–3 tertile1–3, UA uric acid



[image: ]
Fig. 2Adjusted restricted cubic spline curves for CVD according to the baseline NHHR (A) and cumulative NHHR (B). Hazard ratios are indicated by red lines and 95% confidence intervals by ribbon areas. The knots were set at 10th, 50th and 90th centiles. The multivariate models adjusted for age, sex, smoking, drinking, rural residence, marital status, education, BMI, diabetes, hypertension, kidney disease, lung disease, hemoglobin, Serum creatinine, UA, and hsCRP. Abbreviations: NHHR non-high-density lipoprotein cholesterol to high-density lipoprotein cholesterol ratio



Association of change in NHHR with incident CVD
The incidence of CVD gradually increased from Class 1 to Class 3 (Fig. S4). Individuals in Classes 2 and 3 exhibited a significantly higher CVD risk compared to those in Class 1, with HRs of 1.27 (95% CI: 1.10–1.46) and 1.41 (95% CI: 1.09–1.83), respectively. The E-values for the association between changes in NHHR and CVD risk in Classes 2 and 3 were 1.64 and 1.85, respectively, with corresponding lower 95% CIs of 1.34 and 1.32.

Mediation analyses
After adjusting for confounders in Model 3, WBC exhibited no significant mediation effects in the associations between NHHR, both baseline and cumulative NHHR, and CVD risk (Fig. S5).

Subgroup analyses
We performed stratified analyses to examine the associations between NHHR and CVD across various subgroups. The association between NHHR and incident CVD was aligned with the primary results in most subgroups (Fig. 3 and Table S8-S9). Notably, no significant heterogeneity was observed in the association between different NHHR indices and the onset of CVD across all subgroups (Fig. 3 and Table. S8-S9).
[image: ]
Fig. 3Subgroup analysis of the association between NHHR change and CVD. Each stratification anlysis was adjusted for age, sex, smoking, drinking, rural residence, marital status, education, BMI, diabetes, hypertension, kidney disease, lung disease, hemoglobin, Serum creatinine, UA, and hsCRP, with the exception of the stratification variable itself. Abbreviations: CI confidence interval, CVD cardiovascular disease, HR hazard ratios, NHHR non-high-density lipoprotein cholesterol to high-density lipoprotein cholesterol ratio




Discussion
The findings demonstrated that exposure to a higher baseline and cumulative NHHR index, whether defined as continuous or categorical variables, was significantly associated with an elevated risk of CVD incidence after adjusting for other conventional risk factors. Three distinct subgroups were identified according to dynamic NHHR patterns. Individuals in Classes 2 and 3 exhibited a significantly higher risk of CVD compared to those in Class 1. Furthermore, the results of the subgroup analysis corroborated the overall findings.
The results demonstrated a positive association between both baseline and cumulative NHHR and incident CVD, consistent with previous studies [23, 24]. Liu et al. found that each 1-unit increase in NHHR corresponds to a 12% higher risk of adverse cardiovascular events among patients with type 2 diabetes [25]. A large Swedish cohort study involving 18,673 diabetic patients identified NHHR as a superior predictor of CVD risk, with patients in the lowest tertile exhibiting a significantly reduced risk of incident coronary heart disease by approximately 30% compared to those in the highest tertile [26]. A recent study of 12,578 individuals with diabetes or prediabetes in the USA indicated that NHHR values exceeding 2.83 were associated with an 8% increased risk of cardiovascular mortality [27]. Nevertheless, the aforementioned research predominantly focuses on individuals with dysglycemia, and there is a paucity of studies examining the relationship between NHHR and CVD events in the general population. Liu et al. found that participants with higher baseline NHHR faced a higher risk of CVD utilizing data from CHARLS [28]. Overall, our findings strongly support the notion that NHHR is a risk factor for CVD, thereby extending existing evidence from specific participants to broader and more diverse populations.
Previous studies have predominantly focused on single-point analyses or utilized cumulative NHHR to reflect fluctuation, resulting in insufficient evidence regarding the impact of dynamic NHHR changes on the risk of CVD. By employing LPA, we identified latent classes based on homogenous NHHR change patterns across multiple waves. Through rigorous comparison of fit indices and ensuring adequate sample size within each model, we identified the optimal number of classes, enhancing the reliability and accuracy of our classification. In this study, three distinct categories were identified, with 80% of participants falling into categories 2 and 3. Notably, despite a decreasing trend, an initially high NHHR level remains strongly associated with elevated cardiovascular risk. Therefore, regular monitoring of NHHR and timely targeted interventions are imperative to maintain appropriate levels, which may offer significant value for the prevention of CVD.
The impact of NHHR on CVD risk can be elucidated through multiple mechanisms. Elevated NHHR is significantly correlated with insulin resistance, leading to metabolic disorders and consequently increasing CVD risk [29, 30]. Moreover, NHHR plays a vital role in vascular atherosclerosis by promoting vascular inflammation, impairing endothelial function, accelerating vascular lesions progression, facilitating thrombus formation, and reducing plaque stability [31, 32]. The rise in NHHR is likely attributable to increased levels of non-HDL-c and decreased levels of HDL-c. Previous studies have consistently demonstrated that elevated non-HDL-c levels are positively correlated with an increased risk of CVD [33, 34], while lower HDL-c levels, which affect reverse cholesterol transport and von Willebrand factor secretion, indicate a diminished cardioprotective profile [35, 36]. Furthermore, higher NHHR correlates with impaired development of coronary collateral circulation, suggesting that it may compromise myocardial compensatory mechanisms and thereby increase susceptibility to cardiac events [37].
The present study possesses several notable strengths. Firstly, latent profile analysis was applied to stratify individuals based on similar long-term trends in NHHR. The best-fitting profile was identified using stringent statistical selection criteria. Additionally, the generalizability of our findings is enhanced by including a diverse population, which encompasses individuals without dysglycemia who are at lower risk for adverse cardiovascular events. Consequently, our conclusions regarding the detrimental impact of NHHR on cardiovascular events are more likely to accurately reflect its true effect, thereby enhancing their applicability to a broader spectrum of real-world scenarios. To the best of our knowledge, this study represents the first investigation into the longitudinal associations between NHHR and CVD risk within a large-scale, prospective cohort of middle-aged and elderly Chinese individuals. This underscores the importance of dynamic monitoring and provides valuable insights into the clinical utility of NHHR. Overall, NHHR emerges as a cost-effective and reliable predictor that is critical for assessing the development of cardiovascular events.
There are still several limitations that warrant consideration. Firstly, the CHARLS dataset primarily represents the middle-aged population in China, which may limit the generalizability of our findings to younger individuals under 45 years old or those residing outside China. Secondly, due to the absence of medical records, CVD diagnoses relied on self-reported physician assessments, inevitably introducing information and recall bias. Nevertheless, the CVD status was verified and reconfirmed in every wave to ensure better quality control. Besides, the CHARLS has been harmonized with distinguished international cohort studies such as the English Longitudinal Study of Ageing (ELSA) [18], where a high degree of concordance between self-reported coronary heart disease and medical documentation supports the reliability of the data [38]. Moreover, while we have collected repeated measurements of NHHR across two waves, incorporating NHHR data from three or more surveys would refine the assessment of changes in NHHR, potentially providing greater value. Additionally, the potential presence of mediating variables in the associations between NHHR and CVD warrants further investigation. Finally, given the observational study design, we cannot establish causality between NHHR and CVD, and unmeasured confounding factors also cannot be completely ruled out, both of which are common issues in cohort studies.

Conclusion
In conclusion, elevated baseline NHHR, cumulative NHHR, and distinct change patterns of NHHR are significantly associated with an increased risk of CVD among a nationally representative sample. Consequently, this straightforward yet effective predictor should be integrated into routine clinical monitoring protocols to facilitate the early identification of high-risk individuals and enable timely implementation of targeted interventions.
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