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Highlights:

· The ideal cardiovascular health (CVH) score aims to improve cardiovascular health.
· Lipoprotein particle size and atherogenic indices are associated with cardiovascular disease.
· Higher scores were associated with more favourable lipoprotein particle subclass concentrations and atherogenic risk profiles.
· Findings highlight the potential usefulness of the ideal CVH score as a tool for assessing atherogenic risk and health promotion.











Abstract
Background and aims: The American Heart Association ideal cardiovascular health (CVH) score aims, through positive health promotion, to improve cardiovascular health. Lipoprotein particles and atherogenic indices can provide better cardiovascular disease risk prediction than traditional lipid measures. Yet, ideal CVH score associations with intermediate disease markers remains under-researched. This study addressed this gap by investigating CVH score relationships with lipoprotein particle subclass concentrations and atherogenic risk indices. 
Methods: This was a cross-sectional study of 1,216 middle-to older-aged men and women randomly selected from a large primary care centre. Individual participant CVH metrics (smoking, BMI, physical activity, diet, blood pressure, blood glucose and cholesterol) were derived from validated questionnaires, clinical assessment and biochemistry tests. Lipoprotein particle subclass concentrations and size were determined using nuclear magnetic resonance spectroscopy. Atherogenic risk indices were derived from lipid/lipoprotein measures. Linear regression analyses examined CVH score associations with lipoprotein biomarkers and atherogenic indices.
Results: In fully adjusted models, higher scores were associated with smaller VLDL and larger LDL and HDL particle size, less large and medium VLDL, total LDL and small LDL particles, more large HDL particles, and lower lipoprotein-related insulin resistance and atherogenic risk index scores. In models which examined these variable associations across CVH score quintiles, significant dose-response relationships were observed (p trend <0.001 for all).
Conclusions: Higher CVH scores were associated with more favourable lipoprotein subclass concentrations and atherogenic risk profiles, highlighting the score’s potential usefulness as a tool for assessing atherogenic risk and the importance of improving overall cardiovascular health. 



















1. Introduction
Cardiovascular diseases (CVDs) are the leading cause of death worldwide, claiming 19.8 million lives annually [1]. In 2010, the American Heart Association (AHA) suggested an ideal cardiovascular health (CVH) score defined using seven metrics: smoking status, body mass index (BMI), physical activity, dietary habits, blood pressure, fasting plasma glucose and total cholesterol levels [2]. Individuals meeting ideal CVH criteria have been shown to have an 80–90% lower risk of CVD events [3]. Consequently, it has been suggested that the AHA ideal CVH score may be a useful epidemiological tool for assessing cardiometabolic health [4]. However, few studies have assessed AHA CVH score relationships with intermediate disease markers. A better understanding of the ideal CVH score and its link to CVD risk is therefore needed for CVD prevention and health promotion [3].

Routine plasma lipid/lipoprotein measurements, including triglycerides, total cholesterol, low-density lipoprotein (LDL) cholesterol and high-density lipoprotein (HDL) cholesterol are clinically used to assess CVD risk and guide lipid treatment [5]. LDL cholesterol has been the primary target for CVD prevention; however, many patients with well-controlled LDL still have significant residual CVD risk [6]. In addition, although HDL cholesterol is inversely associated with coronary heart disease (CHD), it does not fully capture HDL-related CVD risk [7]. Importantly, evidence suggests that chronic non-communicable disease risk is also influenced by lipoprotein particle subclass concentrations and particle size [8-10]. In particular, smaller LDL and HDL particles, and increased numbers of very low-density lipoprotein (VLDL) particles, are associated with atherosclerosis and increased cardiometabolic risk [11-14].
Atherogenic risk indices, which include the atherogenic index of plasma (AIP), Castelli’s risk index I and II (CRI-I, CRI-II) and the atherogenic coefficient (AC) are also recognised as independent risk factors for CVD [15-18]. Studies suggest that atherogenic indices derived from commonly assessed lipid parameters may offer superior predictive ability for CVD risk when compared to individual lipid/lipoprotein measures alone [17,19]. However, limited examination of atherogenic risk indices has been conducted in the context of CVH metrics [3,20-24].

Given the suggested role of lipoprotein particle subclasses as indicators of CVD risk, there is a need for research which examines ideal CVH score associations with a range of lipoprotein biomarkers determined by nuclear magnetic resonance (NMR) spectroscopy, which quantiﬁes the number and size of lipoprotein particles. Further investigation of CVH score associations with a range of atherogenic risk indices is also warranted. Therefore, this study examined AHA ideal CVH score associations with plasma lipid and lipoproteins, including lipoprotein particle concentrations and size, and four atherogenic risk indices, using a random sample of 1,216 middle- to older-aged men and women. We hypothesised that higher scores (indicating better CVH status) would be associated with more favorable lipoprotein particle subclass concentrations and a reduced risk of developing atherosclerosis.

2. Materials and methods
2.1. Study population and setting
The Mitchelstown Cohort was a single-centre, cross-sectional study conducted between 2010 and 2011. Full details regarding the study design have been previously described [25]. In brief, the study population were patients that attended the Living Health Clinic in Mitchelstown, County Cork, Ireland. Participants were randomly selected from all registered middle- to older-aged (46–70 years) attending patients and a stratified sample was recruited. Of 3,807 potential participants, following the exclusion of duplicates, deaths and subjects incapable of consenting or attending appointment, 3,051 were invited to take part in the study. Of these, 2,047 (49% male) completed the questionnaire and physical examinations of the baseline assessment (response of 67%). Participants were broadly similar to the local background population in terms of proportional age representation, marital status and education, representing a low risk of selection bias. Previous research has indicated that approximately 98% of Irish adults are registered with a GP and that, even in the absence of a universal patient registration system, it is possible to perform population-based epidemiological studies that are representative using this sampling method [26]. As the AHA ideal CVH score has been suggested as a tool for identifying subjects at high CVD risk, we excluded study participants who reported a CVD diagnosis/history (n=212), since these subjects have already been identified, and will likely have made lifestyle changes since their diagnosis. We also excluded participants without data available for each CVH score component; the current analysis includes 1,216 participants. 

Ethics committee approval conforming to the Declaration of Helsinki was obtained from the Clinical Research Ethics Committee of University College Cork. A letter signed by the contact GP in the clinic was sent out to all selected participants with a reply slip indicating acceptance or refusal. All participants provided written consent to use their data for research purposes.
2.2. Data collection 
A general health and lifestyle questionnaire (GHLQ) assessed demographic variables, lifestyle behaviours, morbidity and medication use. Physical activity details, including frequency, duration, and intensity, were collected using the validated short-form International Physical Activity Questionnaire (IPAQ) [27]. Diet was evaluated using a modified version of the self-completed EPIC food frequency questionnaire (FFQ) [28], which has been validated extensively in several populations [29]. Adapted to reflect the Irish diet, the 150-item semi-quantitative FFQ used in the current study was originally validated for use in the Irish population using food diaries and a protein biomarker in a volunteer sample [30] and incorporated into the SLÁN Irish National Surveys of Lifestyle Attitudes and Nutrition 1998, 2002 and 2007 [31]. Data on food consumption during the past 12 months were gathered. Using a tailored computer programme (FFQ Software Version 1.0; developed by the National Nutrition Surveillance Centre, School of Public Health, Physiotherapy and Sports Science, University College Dublin, Belﬁeld, Dublin 4, Ireland), the daily intake of energy and nutrients was computed from the FFQ data by linking food equivalents in McCance and Widdowson Food Tables to food frequency selections [32].

2.3. Clinical procedures
Clinical measurements were performed by trained researchers with reference to a standard operating procedures manual. Three independent measurements of systolic and diastolic blood pressure were obtained with the subject in a seated position using an Omron M7 digital sphygmomanometer (Omron Healthcare Co. Ltd., Japan). The mean of the second and third readings was considered to be a subject’s blood pressure. Height was measured with a portable Seca Leicester height/length stadiometer (Seca, Birmingham, UK) and weight was measured using a portable electronic Tanita WB-100MA weighing scale (Tanita Corp, IL, USA). The weighing scale was placed on a firm flat surface and was calibrated weekly. BMI (BMI=weight(kg)/height(m)2) was calculated from measured weight and height.

2.4. Lipid and lipoprotein profiling and derived atherogenic indices
Study participants attended the clinic in the morning after an overnight fast (of at least 8 hours) and blood samples were taken on arrival. Glucose concentrations were determined using a glucose hexokinase assay (Olympus Life and Material Science Europa Ltd., Lismeehan, Co. Clare, Ireland). Triglyceride, total cholesterol, LDL cholesterol and HDL cholesterol concentrations were measured by Cork University Hospital Biochemistry Laboratory on Olympus 5400 biochemistry analysers with Olympus reagents using standardised procedures and fresh samples (Olympus Diagnostica GmbH, Hamburg, Germany). Non-HDL cholesterol concentrations were computed by subtracting HDL cholesterol concentrations from total cholesterol concentrations. Four atherogenic risk indices (AIP, CR-I, CR-II and AC) were derived according to methods described in the Supplementary Data file [33]. 

Lipoprotein subclass particle concentrations and average VLDL, LDL and HDL particle diameters were measured on serum specimens by NMR LipoProfile® analysis at LipoScience, Inc (Raleigh, NC, USA) using the LP3 algorithm [34], as previously described in detail [35]. Subclasses were quantiﬁed based on the amplitudes of their spectroscopically-distinct lipid methyl group NMR signals. Weighted-average VLDL, LDL and HDL particle sizes (in nanometre diameter units) were computed as the sum of the diameter of each subclass multiplied by its relative mass percentage as estimated from the amplitude of its NMR signal. The following subclass categories were investigated: total triglyceride-rich lipoproteins (TRL) (VLDL and chylomicrons, if present), large VLDL (>60 nm), medium VLDL (42–60 nm), small VLDL (29–42 nm), intermediate-density lipoprotein (IDL) (23–29 nm), large LDL (20.5–23 nm), small LDL (18–20.5 nm), large HDL (9.4–14 nm), medium HDL (8.2–9.4 nm) and small HDL (7.3–8.2 nm). Particle concentrations are expressed as nanomoles per litre (VLDL and LDL) and micromoles per litre (HDL). Total non-HDL concentrations were calculated to approximate apoB100 particle concentrations, by summing TRL, IDL and LDL particle concentrations [36]. A lipoprotein-related insulin resistance (LP-IR) score, ranging from 0 (least) to 100 (most) insulin resistant, which is a weighted combination of the six lipoprotein subclass and size parameters most closely associated with insulin resistance, was calculated [37].

2.5. AHA ideal CVH score
[bookmark: _Hlk207876024]CVH metrics were generated according to AHA guidelines [2]. Smoking status was classified as follows: never smoked (ideal), former smoker (intermediate) and current smoker (poor). BMI was categorised as <25 kg/m² (ideal), 25 to <30 kg/m² (intermediate) and ≥30 kg/m² (poor). Physical activity was assessed using IPAQ categories: low, moderate and high, corresponding to poor, intermediate and ideal health, respectively. A healthy diet score (HDS) was constructed based on the following five dietary components: ≥4.5 cups of fruits and vegetables per day; ≥2 3.5 oz servings of fish per week; ≥3 1 oz servings of fibre-rich whole grains per day; sodium intake <1,500 mg per day; and ≤36 fluid oz sugar-sweetened beverages per week. The HDS ranged from 0 to 5, with scores categorised as ideal (≥4), intermediate (2–3) or poor (<2). Hypertension was defined using blood pressure and self-reported treatment information; ideal health was <120/80 mmHg, intermediate health was 120/80 to 139/89 mmHg or treated to goal and poor health was ≥140/90 mmHg. Fasting glucose levels were categorised as <5.5 mmol/l (ideal), 5.5 to 6.9 mmol/l (intermediate) and ≥7 mmol/l or self-reported diagnosed/treated diabetes (poor). Total cholesterol levels were classified as <5 mmol/l (ideal), 5 to 6 mmol/l or treated to goal (intermediate) and >6 mmol/l (poor). The overall ideal CVH score was calculated by assigning 2 points for each ideal metric, 1 point for each intermediate metric and 0 points for each poor metric, resulting in a total score ranging from 0 to 14. 

2.6. Covariates
Education was defined as ‘primary level only’ and ‘secondary or higher’. Living arrangement was classified as ‘married/cohabiting’ or ‘other’. Medical card holder and use of cholesterol-lowering medications were defined as binary (yes/no) variables as determined from participants’ responses to questions in the GHLQ. Alcohol consumption was measured in units of alcohol consumed on a weekly basis and was categorised into the following levels: (i) non-drinker, i.e. <1 drink per week; (ii) moderate drinker, i.e. between 1 and 14 drinks per week; and (iii) heavy drinker, i.e. >14 drinks per week. Moderate drinker was deﬁned on the basis of previous work from the EPIC study in the United Kingdom by Khaw et al [38]. For the current analysis, these were then re-categorised as ‘moderate/non-drinker’ or ‘heavy drinker’.


2.7. Statistical analysis
Descriptive characteristics were examined according to AHA ideal CVH score quintiles. Categorical features are presented as numbers (n) and percentages (%) and continuous variables are shown as a mean, plus or minus one standard deviation (± SD), or a median and interquartile range (IQR) for skewed data. Differences between quintiles 5 and 1 were analysed using a Pearson’s chi-square test, Student’s t-test or a Mann Whitney U. Correlations between ideal CVH scores, individual CVH score components, and lipid/lipoprotein biomarkers and risk indices were further examined using Spearman’s rank-order correlation. Linear regression was used to investigate associations between ideal CVH scores (independent variable) and biomarkers and risk indices (dependent variables). Three models were run to test relationships: Model 1 was age and sex-adjusted while Model 2 additionally adjusted for education, living arrangement and medical card ownership. A third model also adjusted for alcohol and use of cholesterol lowering medications. To correct for the multiple testing performed, we calculated false discovery rate (FDR) adjusted p values in final models via the Romano-Wolf multiple hypothesis correction method using the rwolf command in Stata [39]. Partial R2 values were also calculated in final models using the pcorr command in Stata. The partial R2 values indicate how much variance in each dependent variable is explained by the ideal CVH score in fully adjusted models, and which is not explained by the other variables in the model. For lipid/lipoprotein biomarkers and risk indices that demonstrated significant relationships with the CVH score in final models, we additionally assessed linear relationships using AHA score quintiles, with the first quintile set as the reference category. We also conducted sensitivity linear regression analyses which excluded study participants who indicated cholesterol-lowering medication use. Sex-stratified analyses were also performed. Data analysis was conducted using Stata SE Version 13 (Stata Corporation, College Station, TX, USA) for Windows. For all analyses, a p value (two-tailed) of less than 0.05 was considered to indicate statistical significance.

3. Results
3.1. Descriptive characteristics
[bookmark: btbl1]Table 1 presents characteristics of the study sample stratified by ideal CVH score quintiles. Participants with higher scores (quintile 5 compared to quintile 1) were less likely to be medical card holders (indicating higher socioeconomic status), to be heavy drinkers, or to use cholesterol-lowering medications. Participants with higher CVH scores were also observed to have more favourable plasma lipid/lipoprotein profiles as indicated by lower triglyceride, LDL and non-HDL cholesterol levels, and higher HDL cholesterol concentrations. Significant differences in lipoprotein subclass biomarker concentrations between quintiles 5 and 1 were also observed, with total TRL, large VLDL, medium VLDL, total LDL, IDL, small LDL, medium and small HDL, total non-HDL concentrations, and the LP-IR score, decreasing across ideal CVH score quintiles. Conversely, HDL size increased across quintiles. Higher CVH scores were also associated with lower scores in each examined atherogenic risk index (all p<0.001). According to AHA ideal CVH score cut-offs (0–4 (poor), 5–9 (intermediate) and 10–14 (ideal), the majority of study participants had intermediate CVH scores (76.7%; n=933); 6.4% (n=78) had poor CVH, while 16.9% (n=205) of participants had ideal CVH scores (Supplementary Table 1). 


3.2. Correlation analyses
In correlation analyses (Table 2), significant inverse correlations between the ideal CVH score (as a continuous variable) and biomarkers were observed for triglycerides, LDL cholesterol, non-HDL cholesterol, total TRL, large, medium and small VDL, total LDL, IDL, small LDL, medium and small HDL, total non-HDL, VLDL particle size, and the LP-IR score. Significant inverse correlations between CVH scores and each atherogenic risk index were also noted. Positive correlations between ideal CVH scores and lipoprotein subclasses were observed for HDL cholesterol, large HDL and both LDL and HDL particle size. Relationships between the ideal CVH score and lipoprotein biomarkers and atherogenic indices were stronger for small LDL, non-HDL cholesterol, total non-HDL particle concentrations, the AIP and large VLDL, with the LP-IR score and triglycerides showing the highest correlative strengths.

Regarding individual CVH score components, the AHA BMI status category (poor, intermediate, ideal) demonstrated the greatest number of significant correlations with lipoprotein biomarkers and atherogenic indices, followed by total cholesterol status, smoking status and glucose status, with BMI, in general, showing the highest correlative strengths (Supplementary Fig. 1). No significant correlations between the AHA blood pressure status category and any lipid/lipoprotein biomarker or atherogenic risk index were noted.

3.3. Linear regression
The results from linear regression analyses which examined relationships between ideal CVH scores and lipid/lipoprotein biomarkers and risk indices are presented in Table 3. In models which adjusted for age and sex, significant associations were observed between AHA ideal CVH scores and each biomarker, the LP-IR score, and all atherogenic risk indices, with exceptions noted for large LDL and total HDL particle concentrations, which were not statistically significant. In models which additionally adjusted for education, living arrangement, medical card ownership, alcohol and use of cholesterol-lowering medications, the same relationships were noted. After a Romano-Wolf multiple hypothesis correction, significant associations with triglycerides (β = -0.071, p=0.001), LDL cholesterol (β = -0.092, p=0.001), HDL cholesterol (β = 0.017, p=0.002), non-HDL cholesterol (β = -0.138, p=0.001), total TRL (β = -0.066, p=0.001), large VLDL (β = -0.167, p=0.001), medium VLDL (β = -0.118, p=0.001), total LDL (β = -55.755, p=0.001), IDL (β = -0.059, p=0.001), small LDL (β = -51.826, p=0.001), large HDL (β = 0.061, p=0.001), total non-HDL (β = -66.083, p=0.001), VLDL size (β = -0.539, p=0.001), LDL size (β = 0.033, p=0.001), HDL size (β = 0.051, p=0.001), the LP-IR score (β = -0.128, p=0.001) and each atherogenic risk index (p=0.001 for all) persisted. 

Among the plasma lipids and lipoprotein subclasses which remained significant after a multiple-hypothesis correction, the highest partial R2 values were seen for small LDL, non-HDL-cholesterol, total non-HDL, triglycerides and total LDL, with the ideal CVH score explaining 10%, 9.5%, 9.2%, 9.1% and 7.9% of the variance in small LDL, non-HDL-cholesterol, total non-HDL, triglyceride and total LDL concentrations, respectively. In fully adjusted linear regression models which examined variable associations across CVH score quintiles (Fig. 1), significant dose-response relationships were observed (p trend <0.01 for all).

3.4. Sensitivity analyses
The results from linear regression analyses which excluded study participants who indicated use of cholesterol-lowering medications are presented in Supplementary Table 2. Ideal CVH score relationships with lipid/lipoprotein biomarkers and risk indices were similar to those seen in Table 3; however, CVH score associations with HDL cholesterol did not survive a Romano-Wolf multiple hypothesis correction (p=0.105). In sex-stratified analyses (Supplementary Tables 3 and 4), relationships were largely the same, and in keeping with the main results. However, some sex-specific associations were noted for HDL cholesterol and LDL particle size (in males only), and IDL and medium HDL (in females only). We tested an interaction term (sex*CVH score) in fully adjusted models for these variables using the full sample. The p values for effect modification were p=0.03 (HDL cholesterol), p=0.015 (LDL size), p=0.004 (IDL) and p=0.056 (medium HDL). With regard to lipid/lipoprotein biomarkers, as observed in non-stratified models, the highest partial R2 values were seen for small LDL (and LDL cholesterol in females), non-HDL-cholesterol, total non-HDL particle concentrations, triglycerides and total LDL, with the AHA ideal CVH score also explaining almost 10% of the variance in large VLDL concentrations among females.    

4. Discussion
In this study we examined AHA ideal CVH score associations with lipoprotein subclasses and derived risk indices using a random sample of 1,216 middle- to older-aged adults. Higher scores showed favourable associations with lipid/lipoprotein concentrations, LP-IR scores, and atherogenic indices. These associations were robust to a range of adjustments and correction for multiple testing. The results from sensitivity linear regression models which excluded subjects on cholesterol-lowering medications were also broadly similar. In fully adjusted linear regression models which examined variable associations across CVH score quintiles, significant dose-response relationships were observed. An overview of the study design and main findings is presented in Fig. 2. These results support our hypothesis that better CVH, as calculated using AHA ideal CVH metrics, would be linked with a less pro-atherogenic lipoprotein subclass profile. In addition, these findings demonstrate that the AHA ideal CVH score could be a useful tool for public health messaging and for assessing atherogenic risk, as the individual components that make up the score are routinely measured.

The AHA devised the ideal CVH score in 2010 with the aim to reduce CVD mortality and improve cardiovascular health [2]. Since then, a number of prospective studies have shown the score to be inversely associated with incident CVD, CVD mortality and all-cause mortality. In a meta-analysis of nine cohort studies involving 12,878 participants, Fang et al. showed that achieving the greatest ideal CVH metric was associated with a lower relative risk (RR) of CVD (RR = 0.20; 95% CI: 0.11, 0.37), stroke (RR = 0.31; 95% CI: 0.25, 0.38) and CVD mortality (RR = 0.25; 95% CI: 0.10, 0.63) [40]. In another meta-analysis involving 193,126 subjects, Guo et al. found a linear dose-response relationship for CVD mortality and all-cause mortality, with the risk decreasing by 19% and 11%, respectively, for each increase in ideal CVH metric [41]. Using data from 1,445 middle-aged participants from the Framingham Heart Study Offspring cohort, Corlin et al. found that for each 5-year period that participants had intermediate or ideal cardiovascular health, they were approximately 25% less likely to develop diabetes or CVD than individuals with poor CVH [42]. In a Chinese cohort study involving 82,349 participants, Wang et al. found a higher number of CVH metrics to be associated with a lower lifetime risk of CVD, and that improvements in CVH status could reduce the lifetime risk of CVD and prolong years of life free from CVD [43].

The individual components that make up the ideal CVH score are well established risk factors for CVD [2]. Importantly, our study shows that these combined metrics also provide information on a patient’s atherogenic risk profile. We found higher scores to be inversely associated with plasma triglyceride and LDL cholesterol concentrations and positively associated with HDL cholesterol levels.  Elevated triglyceride and LDL cholesterol levels are known risk factors for CVD, and  HDL cholesterol has consistently emerged as a predictor of CVD risk, with lower levels linked to higher myocardial infarction rates and CVD mortality [5]. Examination of lipoprotein subclasses also revealed positive associations between CVH scores and HDL particle size. This aligns with existing studies on HDL subclasses which have demonstrated larger HDL particles to be inversely related to cardiovascular risk, as HDL cholesterol is primarily carried by large, buoyant, lipid-rich HDL particles [44]. Moreover, we found higher ideal CVH scores to be inversely associated with small LDL and positively associated with larger mean LDL size. Small, dense LDL particles have been linked with angiographically defined coronary artery disease (CAD) and a three-fold increased risk of myocardial infarction, independent of age, sex and weight [45,46]. The European Society of Cardiology recommends considering LDL subclasses, such as small LDL particles, besides overall LDL cholesterol levels, for managing CVD patients [47]. LDL subclasses may also serve as useful biomarkers to identify individuals at risk of CVD [48].

We also found CVH scores to be associated with total TRL and large VLDL concentrations, non-HDL cholesterol and total non-HDL particle concentrations. This has clinical significance, as patients with cardiometabolic abnormalities may still face high cardiovascular risk even when LDL cholesterol levels are controlled, highlighting the need to address non-LDL related dyslipidaemia [49]. Among the AHA ideal CVH score components, BMI, a surrogate measure of adiposity, has been found to be strongly associated with elevated TRL levels, as excess adipose tissue leads to more free fatty acids being delivered to the liver, which increases circulating triglyceride levels [50]. Obesity can also impair the body's ability to clear TRLs from the bloodstream through a reduction in lipoprotein lipase activity, further increasing their levels [51]. TRL remnants are linked to CAD and echolucent carotid plaques, underscoring their role in atherogenesis [49,52]. Large VLDL particles have been found to be associated with atherosclerosis [14] and are elevated in those with insulin resistance and metabolic syndrome [53,54]. In a Danish cohort study of 23,641 statin-treated patients with ischemic heart disease, Hansen et al. observed non-HDL cholesterol to be a useful marker to detect patients facing high residual risk of atherosclerotic CVD and death [55]. 

We additionally observed CVH scores to be inversely related to LP-IR scores. The LP-IR score has been found to be associated with mortality in heart failure patients, potentially due to smaller HDL particle sizes [56]. In a study of 28,024 women, the LP-IR score showed the highest standardised risk for incident CHD across most age groups (adjusted hazard ratio = 6.40; 95% CI: 3.14, 13.06) for CHD onset before age 55 (attenuating with age), surpassing LDL cholesterol levels, standard lipids and inflammatory markers [57]. Studies have noted independent links between individual ideal CVH metrics (smoking, BMI, diet, total cholesterol) and insulin resistance [58-61]. Previous research by our group has also demonstrated lifestyle behaviour and BMI associations with lipoprotein particle subclasses [62]. Collectively these findings support observed relationships between higher AHA ideal CVH scores and lower LP-IR scores, and more favourable lipoprotein particle subclass concentrations, in our study. This highlights the importance of improving CVH behaviours and modifiable risk factors through lifestyle and preventive measures [58].

Our research also evaluated CVH score relationships with atherogenic risk indices. To our knowledge, this is the first study to examine the link between CVH and atherosclerosis risk using the CRI-I, CRI-II and AC. Thus far, three studies have investigated the AIP in the context of the AHA ideal CVH score. Shen et al. (27,824 middle-aged Chinese men), Chang et al. (11,113 middle-aged Chinese men and women), and Mazidi et al. (23,004 participants, mean age 47.2 years) reported inverse relationships between the CVH score and the AIP, indicating that higher CVH scores correspond to lower AIP scores and a reduced risk of developing atherosclerosis [3,22,63], in agreement with our findings. As research has shown that atherogenic indices derived from commonly assessed lipid parameters may offer superior predictive ability for CVD when compared to individual lipid/lipoprotein measures alone [17,19], these results also suggest the AHA ideal CVH metrics to be important for the prevention and control of atherosclerosis and CVDs.

Although sex-stratified analyses result in a loss of statistical power to detect relationships, our findings suggest some sex differences between the AHA ideal CVH score and lipoprotein biomarkers. It has been observed that as women age, post-menopausal total cholesterol and LDL cholesterol concentrations surpass those in men [64], and previous research by our group has demonstrated sex differences in lipoprotein subclass profiles [65]. These findings are supported by the wider literature, with sex-hormone differences traditionally believed to determine the discrepancy; however, the reason is not fully understood [66]. As the underlying physiological modulators of lipid metabolism responsible for the differences between men and women remain to be determined, future research should examine possible sex-specific direct or indirect modulators of lipid/lipoprotein metabolism, including the AHA ideal CVH score and its components [65]. Nevertheless, despite the sex differences observed, it should be noted that our results demonstrated higher CVH scores to be associated with a less pro-atherogenic risk profile, among both males and females.

5. Limitations
[bookmark: _Hlk207542582]This study's primary limitation is its cross-sectional nature. Because measurements were taken at a single time point, this research cannot evaluate changes in CVH status and lipoprotein biomarkers, or relationships between CVH scores and biomarkers, over time. In addition, the study population, consisting of a sample of middle- to older-aged Irish men and women, although relatively large, may limit the applicability of findings to other ethnicities, age groups or geographic regions. In particular, given that relationships between the CVH metrics and CVD risk may differ by age, sex, ethnicity and genetic background, replication studies in diverse cohorts are needed to confirm our findings. 

Also, despite adjusting for potential confounders, residual confounding may exist. Although measured using validated instruments, physical activity and diet were self-reported in our sample, potentially leading to an over- or under-estimation of healthy behaviours due to recall and social-desirability biases. In particular, it should be noted that as a structured dietary assessment technique, the FFQ used in this study is less precise than 24-hour recall and food records [67]. However, this approach has been shown to provide valid estimates of food intake in older adults [68].

It should additionally be noted that the AHA recently updated its framework for assessing ideal CVH, shifting from "Life's Simple 7" to "Life's Essential 8" [69]. This updated framework incorporates sleep health as a key component, alongside the original seven metrics. Sleep health status was not available in our dataset. Two meta-analyses conducted in 2017 and 2021 were unable to find supportive evidence of a significant relationship between sleep duration and the development of dyslipidaemia or increased hyperlipidaemia in adults [70,71]. However, other research has revealed lower large HDL levels among subjects reporting insufficient sleep, and that circulating LDL concentrations decreased in an experimental sleep restriction study [72]. Further research is required in this area. Nevertheless, our study is pioneering in its assessment of a comprehensive range of lipoprotein subclasses and atherogenic risk indices, and their associations with CVH, defined using the original AHA ideal CVH metrics. Conducted among a representative sample of middle- to older-aged adults, with almost equal sex representation, our findings suggest potential generalisability. 

6. Conclusions
[bookmark: _Hlk109742689]In conclusion, the results from this research demonstrate significant and dose-dependent associations between the AHA ideal CVH score and lipid/lipoprotein biomarkers and atherogenic risk indices in middle- to older-aged adults. In particular, higher CVH scores were linked to a more favourable lipoprotein particle subclass profile. These findings indicate that the AHA CVH score may be a useful tool for assessing atherogenic risk. In addition, our results underscore the importance of achieving and maintaining ideal CVH and highlight areas for public health attention and promotion strategies. Future confirmatory studies using longitudinal data, in other populations and life stages, are warranted. 
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Table 1. Characteristics of the study sample stratified by ideal CVH score quintiles.
	Variable
	Ideal CVH score quintiles (N=1216)

	
	Q1
	Q2
	Q3
	Q4
	Q5
	p 

	General
	
	
	
	
	
	

	Age in years (median, IQR)
	58.9 (54.8, 63.7)
	58.8 (54.8, 63.7)
	58.8 (54.4, 62.9)
	58.1 (53.8, 64.0)
	58.1 (54.0, 63.0)
	0.211

	Male (n, %)
	179 (48.9)
	92 (46.2)
	121 (47.5)
	89 (46.6)
	95 (46.3)
	0.556

	Primary education only (n, %)
	88 (24.0)
	45 (22.6)
	47 (18.4)
	43 (22.5)
	45 (22.0)
	0.57

	Living arrangement (married/cohabiting) (n, %)
	289 (79.0)
	159 (79.9)
	199 (78.0)
	146 (76.4)
	173 (84.4)
	0.113

	Medical card ownership (n, %) 
	127 (34.7)
	49 (24.6)
	68 (26.7)
	41 (21.5)
	48 (23.4)
	0.005

	Heavy drinker (n, %)
	50 (13.7)
	20 (10.1)
	24 (9.4)
	10 (5.2)
	14 (6.8)
	0.013

	Use of cholesterol-lowering medications (n, %)
	139 (38.0)
	66 (33.2)
	72 (28.2)
	51 (26.7)
	41 (20.0)
	<0.001

	Plasma lipids
	
	
	
	
	
	

	Triglycerides, mmol/l (median, IQR)
	1.46 (1.03, 1.92)
	1.28 (0.90, 1.75)
	1.13 (0.87, 1.62)
	1.01 (0.76, 1.44)
	0.96 (0.75, 1.32)
	<0.001

	LDL cholesterol, mmol/l (mean ± SD)
	3.44 ± 0.98
	3.35 ± 0.84
	3.22 ± 0.82
	3.21 ± 0.77
	3.09 ± 0.68
	<0.001

	HDL cholesterol, mmol/l (mean ± SD)
	1.43 ± 0.37
	1.46 ± 0.34
	1.48 ± 0.36
	1.48 ± 0.38
	1.51 ± 0.33
	0.008

	Non-HDL cholesterol, mmol/l (mean ± SD)
	4.19 ± 1.00
	4.00 ± 0.88
	3.81 ± 0.86
	3.74 ± 0.81
	3.61 ± 0.71
	<0.001

	Lipoprotein particle concentration 
	
	
	
	
	
	

	Total TRL, nmol/l (median, IQR)
	64.8 (40.6, 99.3)
	57.6 (35.2, 100.4)
	54.7 (32.0, 86.8)
	46.8 (30.9, 73.5)
	44.6 (26.3, 75.0)
	<0.001

	Large VLDL, nmol/l (median, IQR)
	1.70 (0.70, 4.90)
	1.00 (0.40, 2.88)
	0.80 (0.40, 2.40)
	0.60 (0.40, 1.13)
	0.60 (0.30, 1.25)
	<0.001

	Medium VLDL, nmol/l (median, IQR)
	28.10 (15.0, 44.90)
	21.90 (10.90, 38.30)
	20.15 (10.15, 37.25)
	15.30 (7.00, 28.20)
	13.20 (6.05, 25.65)
	<0.001

	Small VLDL, nmol/l (median, IQR)
	31.85 (18.43, 51.75)
	31.50 (18.60, 52.50)
	32.80 (15.90, 49.10)
	28.00 (16.83, 47.55)
	29.00 (14.35, 50.80)
	0.078

	Total LDL, nmol/l (mean ± SD)
	1402.61 ± 436.25
	1323.70 ± 366.05
	1255.29 ± 380.23
	1226.03 ± 368.44
	1158.99 ± 336.92
	<0.001

	IDL, nmol/l (median, IQR)
	113.50 (59.75, 189.25)
	92.50 (54.25, 167.00)
	97.00 (54.50, 152.50)
	80.00 (40.25, 132.50)
	84.00 (45.00, 148.00)
	<0.001

	Large LDL, nmol/l (mean ± SD)
	614.16 ± 294.37
	616.41 ± 312.85
	613.78 ± 293.83
	644.17 ± 290.79
	635.80 ± 277.29
	0.396

	Small LDL, nmol/l (mean ± SD)
	668.07 ± 446.42
	595.28 ± 401.58
	532.58 ± 395.66
	486.11 ± 387.26
	422.01 ± 351.80
	<0.001

	Total HDL, μmol/l (mean ± SD)
	38.98 ± 6.51
	38.46 ± 6.25
	38.44 ± 5.71
	37.93 ± 6.15
	38.10 ± 5.35
	0.082

	Large HDL, μmol/l (median, IQR)
	5.75 (3.40, 8.20)
	6.30 (3.80, 9.85)
	6.40 (3.90, 9.80)
	6.35 (4.13, 10.40)
	7.90 (5.20, 10.80)
	<0.001

	Medium HDL, μmol/l (mean ± SD)
	14.39 ± 6.38
	13.26 ± 6.38
	13.68 ± 5.90
	12.92 ± 5.48
	12.66 ± 5.81
	0.001

	Small HDL, μmol/l (mean ± SD)
	18.35 ± 5.85
	18.27 ± 5.48
	17.79 ± 5.76
	17.46 ± 5.55
	17.18 ± 6.13
	0.029

	Total non-HDL, μmol/l (mean ± SD)
	1612.68 ± 473.91
	1517.04 ± 409.80
	1432.04 ± 411.58
	1384.32 ± 412.65
	1315.38 ± 371.16
	<0.001

	Lipoprotein particle size
	
	
	
	
	
	

	VLDL size, nm (mean ± SD)
	46.27 ± 6.66
	44.40 ± 5.58
	44.20 ± 5.15
	43.28 ± 4.91
	43.32 ± 5.02
	<0.001

	LDL size, nm (mean ± SD)
	20.83 ± 0.57
	20.84 ± 0.55
	20.90 ± 0.56
	20.95 ± 0.52
	20.98 ± 0.48
	0.002

	HDL size, nm (mean ± SD) 
	9.19 ± 0.44
	9.28 ± 0.49
	9.29 ± 0.48
	9.36 ± 0.52
	9.46 ± 0.47
	<0.001

	Risk indices
	
	
	
	
	
	

	LP-IR score (median, IQR)
	40.00 (23.00, 58.00)
	34.00 (14.00, 53.00)
	31.00 (12.50, 48.00)
	25.00 (10.00, 38.75)
	19.00 (8.00, 34.25)
	<0.001

	AIP (mean ± SD)
	0.25 ± 0.27
	-0.43 ± 0.26
	-0.84 ± 0.25
	-0.13 ± 0.26
	-0.16 ± 0.25
	<0.001

	CRI-I (mean ± SD)
	4.12 ± 1.10
	3.89 ± 0.92
	3.73 ± 0.90
	3.69 ± 0.90
	3.50 ± 0.74
	<0.001

	CRI-II (mean ± SD)
	2.52 ± 0.86
	2.39 ± 0.73
	2.29 ± 0.75
	2.28 ± 0.73
	2.13 ± 0.59
	<0.001

	AC (mean ± SD)
	3.12 ± 1.10
	2.89 ± 0.92
	2.73 ± 0.90
	2.69 ± 0.90
	2.50 ± 0.74
	<0.001


AC: atherogenic coefficient; AIP: atherogenic index of plasma; CRI-I/CRI-II: Castelli’s risk index I/Castelli’s risk index II; CVH: cardiovascular health; HDL: high-density lipoprotein; IDL: intermediate-density lipoprotein; LDL: low-density lipoprotein; LP-IR: lipoprotein-related insulin resistance; TRL: triglyceride-rich lipoproteins; VLDL: very low-density lipoprotein.
p values determined from a chi-square test, t-test or Mann Whitney U and compare Q5 to Q1. Significant p shown in bold.




Table 2. Spearman correlation coefficients between ideal CVH scores, individual CVH score components, and lipoprotein particle subclasses and risk indices.
	Variable
	Ideal CVH scores
	Smoking status
	Body mass index status
	Physical activity status
	Diet status
	Blood pressure status
	Glucose status
	Total cholesterol status

	
	rho
	p
	rho
	p
	rho
	p
	rho
	p
	rho
	p
	rho
	p
	rho
	p
	rho
	p

	Plasma lipids
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Triglycerides, mmol/l 
	-0.305
	<0.001
	-0.105
	<0.001
	-0.333
	<0.001
	-0.086
	0.003
	-0.050
	0.084
	0.024
	0.399
	-0.151
	<0.001
	-0.176
	<0.001

	LDL cholesterol, mmol/l
	-0.171
	<0.001
	0.004
	0.887
	0.079
	0.006
	-0.012
	0.679
	0.009
	0.768
	-0.016
	0.589
	0.114
	<0.001
	-0.708
	<0.001

	HDL cholesterol, mmol/l 
	0.090
	0.002
	0.058
	0.043
	0.330
	<0.001
	0.008
	0.793
	0.038
	0.193
	-0.021
	0.462
	0.125
	<0.001
	-0.260
	<0.001

	Non-HDL cholesterol, mmol/l 
	-0.262
	<0.001
	-0.046
	0.112
	-0.033
	0.257
	-0.032
	0.263
	-0.002
	0.943
	-0.016
	0.576
	0.064
	0.026
	-0.722
	<0.001

	Lipoprotein particle concentration 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	Total TRL, nmol/l 
	-0.192
	<0.001
	-0.116
	<0.001
	-0.232
	<0.001
	-0.048
	0.1
	-0.042
	0.151
	0.052
	0.072
	-0.082
	0.005
	-0.077
	0.008

	Large VLDL, nmol/l 
	-0.274
	<0.001
	-0.108
	<0.001
	-0.331
	<0.001
	-0.033
	0.267
	-0.112
	<0.001
	-0.004
	0.904
	-0.167
	<0.001
	-0.046
	0.119

	Medium VLDL, nmol/l 
	-0.257
	<0.001
	-0.106
	<0.001
	-0.319
	<0.001
	-0.081
	0.005
	-0.075
	0.01
	0.036
	0.213
	-0.090
	0.002
	-0.086
	0.003

	Small VLDL, nmol/l 
	-0.070
	0.015
	-0.086
	0.003
	-0.083
	0.004
	-0.013
	0.658
	0.007
	0.797
	0.054
	0.061
	-0.042
	0.151
	-0.038
	0.191

	Total LDL, nmol/l 
	-0.242
	<0.001
	-0.048
	0.099
	-0.097
	0.001
	-0.064
	0.028
	-0.025
	0.386
	-0.024
	0.417
	0.003
	0.93
	-0.479
	<0.001

	IDL, nmol/l 
	-0.138
	<0.001
	0.020
	0.493
	-0.057
	0.052
	-0.035
	0.226
	-0.050
	0.087
	0.001
	0.969
	0.038
	0.195
	-0.291
	<0.001

	Large LDL, nmol/l
	0.042
	0.153
	0.057
	0.049
	0.284
	<0.001
	-0.025
	0.399
	0.061
	0.035
	-0.025
	0.4
	0.145
	<0.001
	-0.379
	<0.001

	Small LDL, nmol/l 
	-0.225
	<0.001
	-0.089
	0.002
	-0.291
	<0.001
	-0.018
	0.535
	-0.050
	0.083
	-0.005
	0.858
	-0.097
	0.001
	-0.133
	<0.001

	Total HDL, μmol/l 
	-0.042
	0.152
	-0.041
	0.155
	0.105
	<0.001
	0.006
	0.843
	-0.029
	0.325
	-0.003
	0.915
	0.044
	0.128
	-0.193
	<0.001

	Large HDL, μmol/l 
	0.179
	<0.001
	0.104
	<0.001
	0.342
	<0.001
	0.009
	0.769
	0.062
	0.033
	-0.027
	0.351
	0.131
	<0.001
	-0.065
	0.025

	Medium HDL, μmol/l 
	-0.090
	0.002
	-0.091
	0.002
	0.014
	0.629
	-0.040
	0.171
	-0.026
	0.372
	-0.026
	0.379
	0.058
	0.045
	-0.130
	<0.001

	Small HDL, μmol/l 
	-0.086
	0.003
	-0.038
	0.196
	-0.150
	<0.001
	0.044
	0.126
	-0.062
	0.034
	0.024
	0.401
	-0.103
	<0.001
	-0.003
	0.907

	Total non-HDL, μmol/l
	-0.268
	<0.001
	-0.057
	0.049
	-0.121
	<0.001
	-0.071
	0.014
	-0.036
	0.221
	-0.016
	0.574
	0.002
	0.942
	-0.503
	<0.001

	Lipoprotein particle size
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	VLDL size, nm 
	-0.196
	<0.001
	-0.030
	0.349
	-0.288
	<0.001
	-0.038
	0.232
	-0.067
	0.034
	-0.041
	0.196
	-0.152
	<0.001
	0.049
	0.119

	LDL size, nm 
	0.118
	<0.001
	0.082
	0.005
	0.265
	<0.001
	-0.028
	0.333
	0.063
	0.031
	-0.012
	0.677
	0.105
	<0.001
	-0.100
	0.001

	HDL size, nm 
	0.202
	<0.001
	0.090
	0.002
	0.316
	<0.001
	0.006
	0.839
	0.065
	0.025
	-0.003
	0.919
	0.117
	<0.001
	0.030
	0.307

	Risk indices
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	LP-IR score 
	-0.281
	<0.001
	-0.106
	<0.001
	-0.405
	<0.001
	-0.041
	0.161
	-0.100
	0.001
	-0.008
	0.788
	-0.169
	<0.001
	-0.007
	0.814

	AIP
	-0.270
	<0.001
	-0.105
	<0.001
	-0.384
	<0.001
	-0.070
	0.015
	-0.056
	0.055
	0.031
	0.291
	-0.166
	<0.001
	-0.032
	0.275

	CRI-I
	-0.234
	<0.001
	-0.077
	0.007
	-0.254
	<0.001
	-0.030
	0.292
	-0.034
	0.244
	0.006
	0.839
	-0.035
	0.229
	-0.279
	<0.001

	CRI-II
	-0.184
	<0.001
	-0.044
	0.129
	-0.176
	<0.001
	-0.015
	0.613
	-0.013
	0.663
	-0.009
	0.752
	0.022
	0.445
	-0.329
	<0.001

	AC
	-0.234
	<0.001
	-0.077
	0.007
	-0.254
	<0.001
	-0.030
	0.292
	-0.034
	0.244
	0.006
	0.838
	-0.035
	0.229
	-0.279
	<0.001


[bookmark: _Hlk200879456]Abbreviations: AC: atherogenic coefficient; AIP: atherogenic index of plasma; CRI-I/CRI-II: Castelli’s risk index I/Castelli’s risk index II; CVH: cardiovascular health; HDL-C: high-density lipoprotein; IDL: intermediate-density lipoprotein; LDL: low-density lipoprotein; LP-IR: lipoprotein-related insulin resistance; TRL: triglyceride-rich lipoproteins; VLDL: very low-density lipoprotein.
Values are presented as Spearman correlation coefficients (rho) between CVH scores (continuous), individual CVH score components (ordinal: poor, intermediate, ideal), and lipoprotein subclasses and risk indices (continuous) among the Mitchelstown Cohort (N=1216). Significant p shown in bold.




Table 3. Linear regression analyses showing ideal CVH score associations with lipoprotein particle subclasses and risk indices.
	Variable
	Model 1
	Model 2
	Model 3

	
	β
	95% CI
	p 
	β
	95% CI
	p 
	β
	95% CI
	p
	p (FDR)
	Partial R2

	Plasma lipids
	
	
	
	
	
	
	
	
	
	
	

	Triglycerides
	-0.075
	-0.087, -0.062
	<0.001
	-0.074
	-0.087, -0.062
	<0.001
	-0.071
	-0.084, -0.058
	<0.001
	0.001
	0.091

	LDL cholesterol
	-0.072
	-0.096, -0.048
	<0.001
	-0.077
	-0.101, -0.053
	<0.001
	-0.092
	-0.115, -0.069
	<0.001
	0.001
	0.048

	HDL cholesterol
	0.016
	0.006, 0.025
	0.001
	0.015
	0.006, 0.024
	0.002
	0.017
	0.008, 0.026
	<0.001
	0.002
	0.011

	Non-HDL cholesterol
	-0.120
	-0.145, -0.095
	<0.001
	-0.124
	-0.149, -0.100
	<0.001
	-0.138
	-0.163, -0.114
	<0.001
	0.001
	0.095

	Lipoprotein particle concentration 
	
	
	
	
	
	
	
	
	
	
	

	Total TRL
	-0.067
	-0.086, -0.047
	<0.001
	-0.066
	-0.086, -0.047
	<0.001
	-0.066
	-0.086, -0.046
	<0.001
	0.001
	0.035

	Large VLDL
	-0.180
	-0.215, -0.144
	<0.001
	-0.179
	-0.215, -0.143
	<0.001
	-0.167
	-0.203, -0.131
	<0.001
	0.001
	0.067

	Medium VLDL
	-0.122
	-0.152, -0.092
	<0.001
	-0.122
	-0.152, -0.092
	<0.001
	-0.118
	-0.149, -0.088
	<0.001
	0.001
	0.048

	Small VLDL
	-0.032
	-0.059, -0.005
	0.022
	-0.030
	-0.058, -0.003
	0.029
	-0.035
	-0.063, -0.008
	0.011
	0.669
	0.006

	Total LDL
	-50.193
	-61.132, -39.254
	<0.001
	-51.037
	-61.990, -40.084
	<0.001
	-55.755
	-66.670, -44.841
	<0.001
	0.001
	0.079

	IDL
	-0.055
	-0.086, -0.025
	<0.001
	-0.057
	-0.087, -0.026
	<0.001
	-0.059
	-0.089, -0.028
	<0.001
	0.001
	0.012

	Large LDL
	4.033
	-3.966, 12.032
	0.323
	3.232
	-4.777, 11.242
	0.429
	0.756
	-7.203, 8.714
	0.852
	0.962
	0.000

	Small LDL
	-50.393
	-61.043, -39.743
	<0.001
	-49.971
	-60.672, -39.270
	<0.001
	-51.826
	-62.654, -40.997
	<0.001
	0.001
	0.100

	Total HDL
	-0.155
	-0.324, 0.013
	0.071
	-0.155
	-0.325, 0.014
	0.072
	-0.022
	-0.187, 0.143
	0.796
	0.962
	0.000

	Large HDL
	0.059
	0.042, 0.076
	<0.001
	0.057
	0.040, 0.074
	<0.001
	0.061
	0.044, 0.078
	<0.001
	0.001
	0.040

	Medium HDL
	-0.272
	-0.444, -0.100
	0.002
	-0.268
	-0.441, -0.094
	0.002
	-0.200
	-0.372, -0.028
	0.023
	0.839
	0.004

	Small HDL
	-0.249
	-0.412, -0.087
	0.003
	-0.248
	-0.412, -0.085
	0.003
	-0.194
	-0.357, -0.030
	0.021
	0.839
	0.005

	Total non-HDL
	-60.200
	-72.15, -48.24
	<0.001
	-61.334
	-73.300, -49.373
	<0.001
	-66.083
	-78.006, -54.159
	<0.001
	0.001
	0.092

	Lipoprotein particle size
	
	
	
	
	
	
	
	
	
	
	

	VLDL size
	-0.613
	-0.788, -0.438
	<0.001
	-0.604
	-0.780, -0.428
	<0.001
	-0.539
	-0.716, -0.363
	<0.001
	0.001
	0.035

	LDL size
	0.034
	0.020, 0.048
	<0.001
	0.033
	0.019, 0.047
	<0.001
	0.033
	0.019, 0.047
	<0.001
	0.001
	0.018

	HDL size
	0.050
	0.-037, 0.062
	<0.001
	0.050
	0.037, 0.062
	<0.001
	0.051
	0.039, 0.064
	<0.001
	0.001
	0.050

	Risk indices
	
	
	
	
	
	
	
	
	
	
	

	LP-IR score 
	-0.131
	-0.155, -0.107
	<0.001
	-0.130
	-0.154, -0.105
	<0.001
	-0.128
	-0.153, -0.104
	<0.001
	0.001
	0.082

	AIP
	-0.038
	-0.045, -0.031
	<0.001
	-0.037
	-0.044, -0.030
	<0.001
	-0.037
	-0.044, -0.029
	<0.001
	0.001
	0.078

	CRI-I
	-0.122
	-0.147, -0.098
	<0.001
	-0.124
	-0.149, -0.099
	<0.001
	-0.139
	-0.163, -0.114
	<0.001
	0.001
	0.091

	CRI-II
	-0.077
	-0.097, -0.057
	<0.001
	-0.079
	-0.099, -0.059
	<0.001
	-0.094
	-0.114, -0.074
	<0.001
	0.001
	0.067

	AC
	-0.122
	-0.147, -0.098
	<0.001
	-0.124
	-0.149, -0.099
	<0.001
	-0.139
	-0.163, -0.114
	<0.001
	0.001
	0.091


[bookmark: _Hlk200789968]Abbreviations: AC: atherogenic coefficient; AIP: atherogenic index of plasma; CRI-I/CRI-II: Castelli’s risk index I/Castelli’s risk index II; CVH: cardiovascular health; FDR: false discovery rate; HDL: high-density lipoprotein; IDL: intermediate-density lipoprotein; LDL: low-density lipoprotein; LP-IR: lipoprotein-related insulin resistance; TRL: triglyceride-rich lipoproteins; VLDL: very low-density lipoprotein.
[bookmark: _Hlk186878498]Model 1: adjusted for age and sex.
Model 2: adjusted for age, sex, education, living arrangement and medical card ownership.
Model 3: additionally adjusted for alcohol and use of cholesterol-lowering medications.
Beta (β) coefficients and 95% confidence intervals (CI) are shown. Triglycerides, total TRL, large VLDL, medium VLDL, small VLDL, IDL, large HDL and the LP-IR score are log-transformed. 
Significant p shown in bold. 

Fig. 1. Association of ideal CVH score quintiles with lipoprotein particle subclasses and risk indices. 
[image: A group of black and white lines

AI-generated content may be incorrect.]
Figure Legend: Quintile 1 is used as the reference category. All models adjusted for age, sex, education, living arrangement, medical card ownership, alcohol and use of cholesterol-lowering medications. Triglycerides, total TRL, large VLDL, medium VLDL, IDL, large HDL and the LP-IR score are log-transformed.
Abbreviations: AC: atherogenic coefficient; AIP: atherogenic index of plasma; CRI-I/CRI-II: Castelli’s risk index I/Castelli’s risk index II; CVH: cardiovascular health; HDL: high-density lipoprotein; IDL: intermediate-density lipoprotein; LDL: low-density lipoprotein; LP-IR: lipoprotein-related insulin resistance; TRL: triglyceride-rich lipoproteins; VLDL: very low-density lipoprotein. 
Fig. 2. Graphical summary of the study design and main findings.
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