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Background: Cardiometabolic multimorbidity (CMM) refers to the co-
occurrence of two or more cardiometabolic diseases (CMDs), including 
coronary artery disease (CAD), stroke, and type 2 diabetes mellitus (T2DM), 
posing a substantial public health concern. Although Life’s Essential 8 (LE8), a 
cardiovascular health (CVH) metric incorporating behavioural and metabolic 
factors, has been developed, its relationship with CMM remains unexplored. This 
study examines the independent and combined effects of LE8, insulin resistance 
(IR) and C-reactive protein (CRP) on CMM risk.

Methods: In this prospective cohort study, 304,568 UK Biobank participants 
without CMM at baseline were followed. The association between LE8 and CMM 
risk was assessed using Cox proportional hazards models, and dose–response 
relationships were evaluated using restricted cubic splines. Mediation analyses 
were conducted to determine the roles of triglyceride-glucose index (TyG, an IR 
indicator) and CRP in mediating the LE8-CMM association.

Results: Over a 14.2-year follow-up, 5,441 participants developed CMM. Higher 
LE8 scores were significantly associated with reduced CMM risk (hazard ratio 
[HR] per 10-point increase: 0.65; 95% confidence interval [CI]: 0.63–0.67). 
Accelerated failure time models indicated that increased LE8 scores delayed 
CMM onset by up to 47.3 months. Mediation analyses showed that TyG and CRP 
accounted for 18.8 and 2.9% of LE8’s protective effect on CMM, respectively.

Conclusion: Maintaining high LE8 scores is associated with a lower risk of 
developing CMM, partially mediated by reductions in IR and inflammation. 
Promoting CVH and addressing metabolic and inflammatory factors may help 
prevent CMM and reduce its burden on public health.
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Introduction

Cardiometabolic multimorbidity (CMM), defined as the 
co-occurrence of two or more cardiometabolic diseases (CMDs) 
including coronary artery disease (CAD), stroke and type 2 diabetes 
mellitus (T2DM), is a growing global health issue (1). Advances in 
healthcare have prolonged the survival of patients with a single CMD, 
but these gains have also increased the risk of additional conditions, 
leading to a notable rise in CMM prevalence. In the United States, 
CMM prevalence among middle-aged and elderly adults has increased 
from 9.4 to 14.1% over the past two decades, while in China, it 
increased from 2.41% in 2010 to 5.94% in 2016 (2, 3). The 
co-occurrence of multiple CMDs compounds health risks, with 
evidence showing that CMDs significantly increase mortality, 
disability and healthcare burdens beyond the risks associated with 
each CMD individually (4–6).

Unhealthy lifestyle factors are strongly associated with 
CMM. Studies report that smoking, alcohol consumption, physical 
inactivity and obesity significantly increase the risk of CMM (7–9). 
Moreover, the effects of these lifestyle behaviours are cumulative, with 
each additional unhealthy behaviour raising the likelihood of 
developing CMM (10).

In 2022, the American Heart Association (AHA) developed Life’s 
Essential 8 (LE8), a comprehensive cardiovascular health (CVH) 
metric, comprising eight key factors: nicotine exposure, physical 
activity, sleep health, dietary quality, body mass index (BMI), blood 
pressure, cholesterol levels and blood glucose (11). Higher LE8 
scores have been associated with a lower risk of cardiovascular 
diseases (CVDs), as well as stroke and T2DM (12–14). Additionally, 
insulin resistance (IR), often linked to obesity and a sedentary 
lifestyle, contributes to dysregulated glucose metabolism and 
systemic inflammation, increasing the risks for T2DM and CVDs 
(15). Previous study identified IR as a significant predictor of 
CMM (16).

However, despite these associations, the relationship between 
LE8, IR and CMM remains unexplored, particularly regarding 
potential mediating roles. To address this gap, we conducted a large-
scale cohort study using UK Biobank data to examine the combined 
effects of LE8 and IR on CMM development. Particularly to explore 
the potential mediating roles of LE8 and IR in the progression  
of CMM.

Methods

Study population

The UK Biobank is a large prospective cohort study that enrolled 
over 500,000 participants aged 37 to 73 from England, Scotland and 
Wales between 2006 and 2010. This study investigates genetic; lifestyle 
and environmental factors linked to a variety of diseases. Data 
collection included touchscreen questionnaires, physical 
measurements and biological samples, supplemented by self-reported 
medical histories and demographic information. The UK Biobank 
received ethical approval from the National Health Service (NHS) and 
the National Research Ethics Service (NRES) (17). This study followed 
the Strengthening the Reporting of Observational Studies in 
Epidemiology (STROBE) reporting guideline (Appendix).

Assessment of LE8 and CVH

The LE8 consists of eight key indicators: diet, physical activity, 
tobacco/nicotine exposure, sleep health, BMI, blood lipids, blood 
glucose and blood pressure. Diet score was assessed using nine dietary 
behaviours collected at baseline, including: (1) fruit and vegetable 
intake < 5 servings/day; (2) consumption of fish < once per week; (3) 
processed meat intake > once per week; (4) red meat intake ≤ once 
per week; (5) use of full-fat milk or rarely/never consuming milk; (6) 
use of spreads other than low-fat or unsaturated types; (7) cereal 
intake ≤ 5 bowls/week; (8) frequent addition of salt to food 
(sometimes, usually, or always) and (9) water intake < 6 glasses/day 
(18). For each suboptimal dietary behaviour, participants were 
assigned 1 point; otherwise, 0 points. The total diet score ranged from 
0 (healthiest diet) to 9 (least healthy). To integrate with the LE8 scale, 
the raw score was reversed and rescaled to a 0–100 range, with higher 
values reflecting better diet quality. Physical activity was assessed by 
weekly minutes of moderate-to-vigorous physical exercise per week. 
Baseline questionnaires captured tobacco exposure and sleep health, 
while BMI was calculated using weight and height measured at 
enrolment. Blood lipid levels and HbA1c were measured at the UK 
Biobank central laboratory, and blood pressure was recorded using an 
Omron device. Each LE8 component was individually scored from 0 
to 100 according to the AHA guidelines, with higher scores indicating 
better CVH (11). The overall LE8 score was calculated as the 
unweighted mean of the eight metrics, meaning each component 
contributed equally to the total score. The LE8 scoring details are 
summarised in Supplementary Table S1.

The LE8 score, ranging from 0 to 100, represents the average of 
the eight component scores, with higher scores indicating better 
CVH. CVH levels were categorised as low (LE8 score < 50), moderate 
(50 ≤ LE8 score < 80) and high (LE8 score ≥ 80), with scores of 80 or 
higher indicating ideal CVH.

Assessment of IR and inflammation 
biomarker

Baseline blood samples from each participant were analysed in a 
central laboratory for various biochemical indicators, including 
triglycerides (TG), fasting plasma glucose (FPG) and C-reactive 
protein (CRP). In this study, the TyG index was used as a surrogate 
marker for IR and calculated using the formula: TyG = ln [TG (mg/
dL) × FPG (mg/dL) / 2] (19). CRP levels were used to assess 
systemic inflammation.

Ascertainment of CMM and CMDs

This study included three CMDs: CAD, stroke and T2DM. The 
primary outcome, CMM, was defined as the presence of two or more 
CMDs. Secondary outcomes included the individual occurrence of 
each CMD. Diagnoses were based on the International Classification 
of Diseases, Tenth Revision (ICD-10) codes: CAD (I20-I25), stroke 
(I60-I64) and T2DM (E11). Data were obtained from death registries, 
primary care records, hospital records and participant self-reports. 
Participants were followed from enrolment until the first CMD 
occurrence, death, or the end of the observation period (May 1, 2023).
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Assessment of other variables

Baseline assessments of sociodemographic and lifestyle factors 
were conducted using a touchscreen questionnaire. Variables included 
age, sex (male, female), ethnicity (White, Others) and socioeconomic 
status, measured by the Townsend Deprivation Index (TDI). 
Education levels were classified according to the International 
Standard Classification of Education (ISCED) Code, ranging from 
levels 1 to 5 (Supplementary Table S2) (20). Annual household income 
before tax was categorised into five groups: <£18,000, £18,000–29,999, 
£30,000–51,999, £52,000–100,000 and >£100,000. Lifestyle behaviours 
were assessed including physical activity (measured by Metabolic 
Equivalent of Task [MET] scores) and alcohol consumption, 
categorised into six frequency groups (‘never’, ‘special occasions only’, 
‘one to three times a month’, ‘once or twice a week’, ‘three or four times 
a week’ and ‘daily or almost daily’). Information on family history of 
CVD and current use of medications, (e.g., antihypertensives and 
lipid-lowering drugs) was recorded. Data on annual average 
concentrations of PM2.5, PM2.5–10, PM10, NO2 and NOx were obtained 
from the UK Department for Environment, Food & Rural Affairs 
(DEFRA) (21).

Participant selection criteria

502,355 participants were recruited into the UK Biobank cohort. 
Participants with incomplete LE8 data were initially excluded 
(n = 137,247). Additional exclusions included those diagnosed with 
CAD (n = 19,192), stroke (n = 4,466), T2DM (n = 6,664), or any 
cancer (n = 29,399) at baseline, as well as participants lost to follow-up 

(n = 819). Finally, a total of 304,568 participants were included in the 
final analysis (Figure 1).

Statistical analysis

Baseline covariate missing values were reported in 
Supplementary Table S3. Missing data were addressed using 
multiple imputation by chained equations (MICE) with a random 
forest method. This approach is well-suited to handling mixed data 
types and non-linear relationships. Five imputed datasets were 
generated, and one of them was used for the main analysis. 
Imputation accuracy was assessed using the normalised root mean 
squared error (NRMSE = 0.069) for continuous variables and the 
proportion of falsely classified entries (PFC = 0.221) for categorical  
variables.

Missing data percentages for key baseline variables were as 
follows: CRP (16%), annual household income (12%), and 
education level (1%). Other covariates, including race and 
ethnicity, TDI, medication use, alcohol intake frequency, and TyG 
index, had minimal or no missingness (<1%). To assess potential 
selection bias from these exclusions, we  compared baseline 
characteristics between included and excluded participants, and 
the results were presented in Supplementary Table S4. Baseline 
variables were categorised by LE8 levels (low, moderate, high); 
continuous variables were presented as median (standard 
deviation [SD]); and categorical variables as frequency 
(percentage). Differences across CVH groups were assessed using 
ANOVA for continuous variables and chi-square tests for 
categorical variables. Besides, differences between the study 

FIGURE 1

Flowchart depicting the selection of participants.
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cohort and the general population (the overall UK Biobank 
population) were also compared. Kaplan–Meier (KM) survival 
curves were used to assess CMM and CMD risks across CVH 
groups, with log-rank tests used for group comparisons. Cox 
proportional hazard models evaluated CMM and CMD risks 
associated with LE8 scores (per 10-point increase or grouped as 
low, moderate and high). TyG and CRP data were categorised into 
quartiles and standardised using z-scores to examine CMM risk 
per 1 SD increase or by quartiles of TyG and CRP. Proportional 
hazard assumptions were verified with Schoenfeld residuals and 
the results were shown in Supplementary Figure S1. Collinearity 
was assessed using the variance inflation factor (VIF), with 
VIF < 5 indicating acceptable collinearity for model adjustments. 
Model 1 was adjusted for age, sex, and ethnicity, while Model 2 
included additional adjustments for TDI, education level, income, 
family CVD history, lipid-lowering and antihypertensive 
medication use and alcohol intake frequency. Restricted cubic 
splines (RCS) were used to examine dose–response relationships 
between LE8 scores and both CMM and CMDs. The association 
between LE8 scores and CMM risk across TyG and CRP quartiles 
was also evaluated.

Additionally, to assess combined effects, participants were 
classified into 12 groups based on different LE8 and TyG or CRP 
levels. Using the low CVH and high TyG or CRP group as the 
reference, we evaluated CMM risk across combinations.

To further characterise the temporal dimension of the 
association between CVH and CMM, we employed an accelerated 
failure time (AFT) model, which estimates the effect of covariates 
on the survival time directly, rather than on the hazard function. 
Unlike Cox proportional hazards models, AFT models do not 
assume proportionality of hazards and instead provide 
interpretable estimates of time ratios or median survival time 
differences (22). This modelling approach allowed us to quantify 
the extent to which higher CVH levels were associated with 
delayed onset of CMM.

Subgroup analyses were performed by sex, age, ethnicity, 
alcohol intake, TDI, family CVD history, antihypertensive and 
lipid-lowering drug use, as well as TyG and CRP levels. Several 
sensitivity analyses were conducted to assess the robustness of our 
findings: (1) Given the older age profile of our cohort, the potential 
influence of competing risks due to all-cause mortality was 
explicitly evaluated using Fine-Gray competing risks regression, in 
line with standard practices from previous UK Biobank studies 
(23–25). (2) Participants with <2 years of follow-up were excluded. 
(3) Participants with missing baseline covariates were excluded. (4) 
Participants who reported prior use of antihypertensive or lipid-
lowering medications were excluded. (5) TyG and CRP were 
excluded from the adjustment set. (6) Additional adjustments were 
made for ambient particulate pollution indicators (PM2.5, PM2.5–10, 
PM10, NO2, NOx) to address potential confounding from pollution 
exposure. (7) To address the limitation of using a single imputed 
dataset, pooled analyses based on the remaining four imputed 
datasets were performed. (8) To strengthen the assessment of IR, 
we repeated the analysis using three alternative IR-related markers: 
triglyceride-to-high-density lipoprotein cholesterol ratio (TG/
HDL-C), the metabolic score for insulin resistance (METS-IR), 
and estimated glucose disposal rate (eGDR). All three indices have 

been validated in large-scale cohorts as surrogate markers for IR 
or insulin sensitivity, with detailed calculation methods provided 
in the original studies (26–28). (9) Finally, to confirm the 
robustness of the LE8 scoring method, we reconstructed the LE8 
score using the traditional Dietary Approaches to Stop 
Hypertension (DASH) diet score. The methodology for 
constructing the DASH score has been described in a previously 
published study (29).

Explorative analyses

Receiver operating characteristic (ROC) curves assessed the 
predictive accuracy of the CVH score for CMM development. 
Mediation analysis was conducted to determine if TyG or CRP 
mediated the association between CVH and CMM risk. In this 
analysis, CVH was treated as the exposure, TyG or CRP as the 
mediator and CMM as the outcome, with significance tested using 500 
bootstrap samples (30).

All statistical analyses were performed using R software (version 
4.3.1), with a two-tailed p-value < 0.05 considered 
statistically significant.

Results

Characteristics of baseline population

Among the 304,568 participants with complete LE8 scores, the 
mean age was 55.75 ± 8.09 years, with 54.07% male and 95.37% 
identifying as Caucasian (Table  1). Baseline characteristics across 
different CVH groups are detailed in Table 1. LE8 indicator levels 
increased progressively from the low to high CVH groups, while TyG 
and CRP levels decreased correspondingly. In addition, compared 
with the overall UK Biobank participants, the included analytic cohort 
showed generally similar baseline characteristics, with some moderate 
differences observed in income (SMD = 0.26), lipid-lowering drug use 
(SMD = 0.37), and antihypertensive use (SMD = 0.29) 
(Supplementary Table S5).

Association of LE8 with the risk of CMM 
and specific CMDs

Over a mean follow-up of 14.2 years, 5,441 cases of CMM were 
identified (Table 2). Incidence rates of CMM and CMDs decreased 
across CVH groups from low to moderate to high (Table 2). After 
adjusting for age, sex and ethnicity, higher LE8 levels were significantly 
associated with reduced risks of CMM, CAD, stroke and T2DM (all 
P for trend < 0.01; Table 2). The inverse association between LE8 score 
and CMD risks remained robust after additional adjustments in 
Model 2 (all P for trend < 0.001). Each 10-point increase in LE8 score 
was linked to a lower risk of CMM, CAD, stroke and T2DM, with 
HRs of 0.65, 0.81, 0.85 and 0.63, respectively (Table 2). KM curves 
further demonstrated a decreasing trend in CMM and CMD risk with 
higher CVH levels (all P for log-rank test < 0.05, Supplementary  
Figure S2).
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Associations of TyG and CRP with the risk 
of CMM

After progressively adjusting for confounders, higher quartiles of 
TyG and CRP were associated with an elevated risk of CMM (all P for 
trend < 0.001). Specifically, each SD increase in TyG or CRP was 
linked to a 39% (HR: 1.39, 95% CI: 1.35–1.43) and 12% (HR: 1.12, 
95% CI: 1.10–1.14) higher risk of CMM, respectively 
(Supplementary Table S6).

Dose-dependent relationship of LE8 score 
and CMM

RCS analyses revealed a non-linear association between the LE8 
score and the risks of CMM, CAD and T2DM (all P for non-linearity 
< 0.01). In contrast, a linear relationship was observed between LE8 
score and stroke risk (P for non-linearity = 0.443). The estimated 
inflexion point was approximately 67.6 for the LE8 score, beyond 
which the reduction in CMM risk tended to plateau (Figure  2). 

TABLE 1 Baseline demographic and clinical characteristics across CVH groups.

Characteristics Total Low Moderate High p

N 304,568 27,596 227,887 49,085

Age, years 55.75 ± 8.09 56.87 ± 7.63 56.26 ± 7.99 52.74 ± 8.14 <0.001

Male 164,689 (54.07%) 16,590 (60.12%) 109,622 (48.10%) 13,667 (27.84%) <0.001

White 290,477 (95.37%) 26,270 (95.19%) 217,342 (95.37%) 46,865 (95.48%) 0.203

Townsend deprivation index −1.47 ± 2.99 −0.61 ± 3.33 −1.50 ± 2.97 −1.79 ± 2.79 <0.001

Education levels

 CSEs or equivalent 43,384 (14.24%) 7,085 (25.67%) 33,101 (14.53%) 3,198 (6.52%) <0.001

 A levels/AS levels or equivalent 82,625 (27.13%) 8,064 (29.22%) 62,807 (27.56%) 11,754 (23.95%)

 Other professional qualification 36,156 (11.87%) 2,882 (10.44%) 26,825 (11.77%) 6,449 (13.14%)

 College or University degree 15,367 (5.05%) 1,431 (5.19%) 11,782 (5.17%) 2,154 (4.39%)

 None of the above 127,036 (41.71%) 8,134 (29.48%) 93,372 (40.97%) 25,530 (52.01%)

Annual household income before tax, £ <0.001

 <18,000 62,169 (20.41%) 8,410 (30.48%) 47,067 (20.65%) 6,692 (13.63%)

 18,000–30,999 75,734 (24.87%) 7,032 (25.48%) 58,253 (25.56%) 10,449 (21.29%)

 31,000–51,999 82,282 (27.02%) 6,763 (24.51%) 61,517 (26.99%) 14,002 (28.53%)

 52,000–100,000 66,486 (21.83%) 4,501 (16.31%) 48,471 (21.27%) 13,514 (27.53%)

 >100,000 17,897 (5.88%) 890 (3.23%) 12,579 (5.52%) 4,428 (9.02%)

 History of heart diseases family 118,789 (39.0%) 10,883 (39.44%) 89,931 (39.46%) 17,975 (36.62%) <0.001

 Lipid-lowering drugs 35,769 (11.74%) 5,296 (19.19%) 27,394 (12.02%) 3,079 (6.27%) <0.001

 Antihypertensives 49,353 (16.2%) 7,896 (28.61%) 38,663 (16.97%) 2,794 (5.69%) <0.001

Alcohol intake frequency <0.001

 Never 21,183 (6.96%) 2,234 (8.10%) 15,389 (6.75%) 3,560 (7.25%)

 Special occasions only 31,841 (10.45%) 3,492 (12.65%) 23,224 (10.19%) 5,125 (10.44%)

 One to three times a month 33,640 (11.05%) 3,043 (11.03%) 24,670 (10.83%) 5,927 (12.07%)

 Once or twice a week 79,649 (26.15%) 6,550 (23.74%) 58,775 (25.79%) 14,324 (29.18%)

 Three or four times a week 73,936 (24.28%) 5,408 (19.60%) 55,839 (24.50%) 12,689 (25.85%)

 Daily or almost daily 64,319 (21.12%) 6,869 (24.89%) 49,990 (21.94%) 7,460 (15.20%)

 TyG index 8.69 ± 0.56 9.10 ± 0.56 8.72 ± 0.53 8.30 ± 0.45 <0.001

 CRP (mmol/l) 2.46 ± 4.12 4.24 ± 5.29 2.45 ± 4.03 1.53 ± 3.45 <0.001

 Total LE8 score 67.10 ± 12.56 43.22 ± 5.53 66.08 ± 7.88 85.25 ± 4.36 <0.001

 Diet score 47.31 ± 31.36 21.75 ± 25.41 45.77 ± 30.51 68.83 ± 24.01 <0.001

 Blood pressure score 43.87 ± 31.77 23.22 ± 22.75 40.08 ± 29.47 73.10 ± 27.89 <0.001

 Blood glucose score 93.06 ± 16.67 80.25 ± 24.17 93.38 ± 16.21 98.76 ± 7.17 <0.001

 Sleep health score 89.69 ± 18.23 78.47 ± 24.92 89.79 ± 17.84 95.56 ± 11.42 <0.001

 Body mass index score 69.90 ± 28.03 42.21 ± 27.62 68.60 ± 26.71 91.49 ± 15.06 <0.001

 Physical activity score 83.03 ± 34.92 38.62 ± 46.20 85.25 ± 32.50 97.72 ± 10.76 <0.001

 Tobacco/nicotine exposure score 62.17 ± 36.60 30.48 ± 32.51 60.99 ± 36.12 85.48 ± 23.30 <0.001

 Blood lipid score 47.75 ± 29.64 30.73 ± 25.87 44.78 ± 27.77 71.09 ± 27.30 <0.001

CSE, Certificate of Secondary Education; AS levels, Advanced Subsidiary Level Education; TyG, triglyceride-glucose; CRP, C-reactive protein; LE8, Life’s Essential 8; Low CVH, LE8 score < 50 
points. Moderate CVH, LE8 score 50–80 points. High CVH, LE8 score ≥ 80 points.
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Additionally, non-linear associations were also observed between 
TyG, CRP and CMM (P for non-linearity < 0.001; Supplementary  
Figure S3).

Combination of LE8 score, TyG or CRP and 
the risk of CMM

Table 3 summarised the combined effects of CVH groups, TyG 
and CRP on CMM risk. Participants with higher LE8 levels and lower 
TyG or CRP exposure exhibited a reduced risk of CMM (Table 3; 
Supplementary Figure S4). Stratified analyses across TyG and CRP 
quartiles indicated that the inverse association between LE8 score and 
CMM risk remained consistent across different levels of TyG 
(Figure 3) and CRP (Supplementary Figure S5).

LE8 score and time to CMM onset

AFT models indicated that higher CVH groups significantly 
delayed CMM onset compared to the low LE8 score group. 

Specifically, the time to CMM onset was delayed by 27.03 months 
in the moderate CVH group and by 47.32 months in the high 
CVH group, relative to the low group. Corresponding time ratios 
were 0.69 and 0.47, indicating a 31 and 53% delay in median onset 
time, respectively. This delay pattern was similarly observed in 
CAD, stroke, and T2DM (all p < 0.01; Figure 4; Supplementary  
Table S7).

Subgroup and sensitivity analyses

In subgroup analyses, a 10-point increase in LE8 score was 
consistently linked with a reduced risk of CMM, CAD, stroke and 
T2DM across various demographic and clinical subgroups 
(Figure 5; Supplementary Figures S6–S8). A significant interaction 
effect was noted between each 10-point increase in LE8 score and 
CMM risk, with variation by age, TDI, antihypertensive use, lipid-
lowering drug use, and TyG index (P for interaction < 0.05; 
Figure  5). Comparable patterns were found for CMM, CAD, 
stroke and T2DM when CVH was analysed across low, moderate 
and high groups (Supplementary Tables S8–S11). Given the older 

TABLE 2 The association between LE8 score and the risk of CMM and specific CMDs.

Type Cases Incidencea Model 1 Model 2

HR (95%CI) p HR (95%CI) p

CMM 5,441 1.29

 Low 1,721 4.68 Reference Reference

 Moderate 3,589 1.14 0.26 (0.25–0.28) <0.001 0.44 (0.41–0.47) <0.001

 High 131 0.19 0.06 (0.05–0.08) <0.001 0.17 (0.14–0.2) <0.001

 P for trend <0.001 <0.001

 Per 10-point increase 0.53 (0.52–0.54) <0.001 0.65 (0.63–0.66) <0.001

CAD 23,570 4.98

 Low 4,089 11.63 Reference Reference

 Moderate 17,972 5.86 0.56 (0.54–0.57) <0.001 0.69 (0.67–0.71) <0.001

 High 1,509 2.21 0.3 (0.28–0.31) <0.001 0.43 (0.41–0.46) <0.001

 P for trend <0.001 <0.001

 Per 10-point increase 0.75 (0.74–0.76) <0.001 0.81 (0.8–0.82) <0.001

Stroke 7,228 1.72

 Low 1,093 2.87 Reference Reference

 Moderate 5,528 1.76 0.64 (0.6–0.68) <0.001 0.72 (0.68–0.77) <0.001

 High 607 0.88 0.45 (0.41–0.5) <0.001 0.55 (0.5–0.62) <0.001

 P for trend <0.001 <0.001

 Per 10-point increase 0.81 (0.8–0.83) <0.001 0.85 (0.83–0.86) <0.001

T2DM 17,668 4.28

 Low 5,470 15.73 Reference Reference

 Moderate 11,856 3.83 0.25 (0.2–0.26) <0.001 0.44 (0.43–0.46) <0.001

 High 342 0.5 0.04 (0.04–0.04) <0.001 0.12 (0.11–0.14) <0.001

 P for trend <0.001 <0.001

 Per 10-point increase 0.5 (0.49–0.51) <0.001 0.63 (0.63–0.64) <0.001

CVH, Cardiovascular health; CMM, cardiometabolic multimorbidity; CMDs, cardiometabolic diseases; CAD, coronary artery disease; T2DM, type 2 diabetes mellitus; HR, hazard ratio; CI, 
confidence interval. Model 1 adjusted age, sex, and race. Model 2 was further adjusted for Townsend deprivation index, education levels, annual household income, family history of heart 
diseases, history use of lipid lowering drugs, antihypertensives, alcohol intake frequency, TyG index and CRP levels. a1,000 person-year.
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age profile of participants, we explicitly tested the potential impact 
of competing risks using Fine-Gray sub-distribution hazard 
models. The inverse association between higher LE8 scores and 
CMM risk remained robust (HR: 0.18; 95% CI: 0.14–0.22 for high 
vs. low CVH), and similar patterns were observed for CAD, 
stroke, and T2DM. These findings were consistent with those 
from the primary Cox regression models, suggesting that 
competing risks had minimal influence on our findings 
(Supplementary Table S12). Besides, the results remained robust 
across other sensitivity analyses (Supplementary Tables 
S13–S20).

Explorative analyses

ROC curve analysis revealed that the CVH score had an AUC of 
0.746 (0.74–0.752), indicating moderate predictive ability for 
distinguishing between individuals with and without CMM 
(Supplementary Figure S9). Further explorations using mediation 
analysis demonstrated that TyG and CRP significantly mediated the 

association between CVH scores and CMM risk, with mediation 
proportions of 18.77 and 2.86%, respectively (Supplementary  
Tables S21, S22; Supplementary Figure S10). Additionally, the 
mediation effects were slightly attenuated but remained directionally 
consistent. Tests for exposure–mediator interactions showed no 
substantial violations of the assumption (P for CVH × TyG = 0.18; 
CVH × CRP = 0.052) (Supplementary Tables S21, S22). Moreover, no 
significant interaction was found between the two mediators in the 
outcome model (TyG × CRP, p  = 0.960), suggesting they act 
independently in mediating the effect of CVH on CMM 
(Supplementary Table S23).

Discussion

This large prospective cohort study was the first to assess the 
independent and combined effects of LE8, TyG index and CRP levels 
on CMM. Our findings indicated that higher LE8 scores, coupled 
with lower TyG and CRP levels, were statistically associated with a 
lower risk of CMM. We also identified a non-linear relationship 

FIGURE 2

Associations between LE8 score with (A) CMM, (B) CAD, (C) Stroke, and (D) T2DM were evaluated by RCS. LE8, Life’s Essential 8; CMM, cardiometabolic 
multimorbidity; CAD, coronary artery disease; T2DM, type 2 diabetes mellitus; RCS, Restricted cubic spline; HR, hazard ratio; CI, confidence interval. 
Models were fully adjusted for age, sex, race, Townsend deprivation index, education levels, annual household income, family history of CVD, history 
use of lipid lowering drugs, antihypertensives, alcohol intake frequency, TyG index and CRP levels.
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between LE8 scores, TyG, CRP and CMM risk, and found that 
higher CVH scores were linked to a later onset of CMM and other 
CMDs. The protective effect of the LE8 score on CMM persisted 
across multiple subgroups. Notably, the association between higher 
LE8 scores and lower CMM risk was partially mediated through 
reductions in TyG and CRP levels. Additionally, the inverse 
association between LE8 scores and CMM remained robust in 
competing risks analyses using Fine-Gray models, as well as in 
multiple sensitivity analyses, further strengthening our 
main findings.

Previous studies have indicated that combined lifestyle factors can 
predict CMD risk (10, 31). Additionally, the AHA’s “Life’s Simple 7” 
(LS7) has been linked to reduced risk of various CMDs, such as atrial 

fibrillation (AF), myocardial infarction and stroke (32, 33). As an 
expanded CVH metric, the LE8 algorithm has further strengthened 
overall CVH assessment and CVD risk prediction compared to 
LS7 (34).

The LE8 metric, as an easily accessible measure, has broad 
applications in CVD risk assessment. Li et al. demonstrated that each 
SD increase in LE8 significantly reduced CAD risk by 25% and stroke 
risk by 21% (35). Similarly, Zhang J et al. found that for each point 
increase in LE8, the risk of AF decreased by 2% (36). Additionally, 
another study indicated that a decrease in LE8 score significantly 
increased the mortality risk in patients with CVD (37). These findings, 
in line with our results, indicate that higher LE8 scores are associated 
with a lower likelihood of developing CMM. Although achieving an 

FIGURE 3

Associations between CVH groups with the risk of CMM by TyG quartiles. CVH, Cardiovascular health; CMM, cardiometabolic multimorbidity; TyG, 
triglyceride-glucose. Models were further adjusted for age, sex, race, Townsend deprivation index, education levels, annual household income, family 
history of heart diseases, history use of lipid lowering drugs, antihypertensives, alcohol intake frequency and CRP.

TABLE 3 Combined effects of CVH, TyG index, CRP, and the risk of CMM.

Types Q4 Q3 Q2 Q1

TyG indexa

CVH HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

Low Reference 0.7 (0.62–0.78) 0.67 (0.57–0.77) 0.49 (0.38–0.62)

Moderate 0.42 (0.39–0.45) 0.25 (0.23–0.27) 0.2 (0.18–0.22) 0.15 (0.13–0.17)

High 0.19 (0.13–0.29) 0.08 (0.05–0.12) 0.07 (0.05–0.1) 0.06 (0.05–0.09)

CRPb

CVH HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

Low Reference 0.7 (0.62–0.78) 0.67 (0.57–0.77) 0.49 (0.38–0.62)

Moderate 0.42 (0.39–0.45) 0.25 (0.23–0.27) 0.2 (0.18–0.22) 0.15 (0.13–0.17)

High 0.19 (0.13–0.29) 0.08 (0.05–0.12) 0.07 (0.05–0.1) 0.06 (0.05–0.09)

CVH, Cardiovascular health; TyG, triglyceride-glucose; CRP, C-reactive protein; CMM, cardiometabolic multimorbidity; HR, hazard ratio; CI, confidence interval. Models were further 
adjusted for age, sex, race, Townsend deprivation index, education levels, annual household income, family history of heart diseases, history use of lipid lowering drugs, antihypertensives, 
alcohol intake frequency. aFurther adjusted for CRP. bFurther adjusted for TyG index.
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ideal LE8 score is challenging, our study showed that every 10-point 
increase in LE8 corresponds to a 35% reduction in CMM risk. 
Encouraging gradual lifestyle improvements aligns with AHA 
guidelines for CMD prevention (11).

Subgroup analyses indicated that LE8 had a significant impact 
on individuals under the age of 60, those not using lipid-lowering 
and antihypertensive medications, and participants with lower 
levels of TDI, TyG and CRP. This may be due to the relatively low 
baseline risk in these subgroups. Conversely, the weaker 
correlation observed in older adults, individuals on medication 
and participants with higher levels of TyG and CRP levels may 
stem from other risk factors and survival effects, which reduce the 
protective impact of higher CVH levels on CMM (9, 38, 39). These 
findings suggest that increasing LE8 levels may yield the most 
significant benefits for individuals under 60, who are not using 
lipid-lowering and/or antihypertensive medications and have 
lower levels of TDI and TyG. Importantly, sensitivity analyses 
showed the inverse association between LE8 scores and CMM risk 
remained robust in Fine-Gray models that accounted for death as 
a competing risk, which is particularly relevant given the 
substantial impact of mortality on CMM incidence in older adults. 
Besides, the consistency of our primary findings was further 
supported by other sensitivity analyses.

Additionally, we observed that elevated TyG and CRP levels were 
associated with an increased risk of CMM. For instance, Zhang Z et al. 
reported a 54% higher CMM risk per one-point increase in TyG (40). 
Similarly, Xiao D et al. observed a 45% increased CMM risk with per 
one SD increase in TyG index (16). Another study linked higher CRP 

levels with an increased risk of CMM (41). Although these studies 
were conducted in Asian populations, their findings align with our 
observations in this European cohort.

The potential pathways underlying the observed association 
between LE8 scores and CMM risk remain to be clarified. In our 
mediation analysis, the TyG index accounted for 18.8% of the 
association between LE8 and CMM risk, while CRP explained a 
smaller proportion of 2.9%. Although statistically significant, this 
modest mediation proportion through CRP suggests that 
inflammation may only partially explain the observed association, 
highlighting the likely involvement of other pathways such as 
IR. The more prominent mediation role of TyG is biologically 
plausible, as it serves as a surrogate marker of IR which is a central 
mechanism in CMM development involving endothelial 
dysfunction, dyslipidemia, and impaired glucose regulation (15, 42). 
IR has been strongly associated with diabetes, coronary artery 
disease, and stroke, which together define CMM (16, 40). In 
contrast, CRP likely captures downstream systemic inflammation 
secondary to metabolic disturbances, which may explain its 
comparatively limited mediation contribution (41, 43, 44). Given 
that both mediators were assessed only at baseline and evaluated 
independently, the observed mediation effects should be interpreted 
as exploratory. Moreover, the lack of repeated measurements for 
LE8, TyG, and CRP limits our ability to account for intra-individual 
changes in health behaviours and metabolic profiles over time, 
which may lead to exposure misclassification and attenuated 
associations. This limitation is particularly relevant to mediation 
analysis because the absence of temporally resolved data prevents 

FIGURE 4

Adjusted median time difference for new-onset CMM and specific CMDs in different CVH groups. CVH, Cardiovascular health; CMM, cardiometabolic 
multimorbidity; CMDs, cardiometabolic diseases; CAD, coronary artery disease; T2DM, type 2 diabetes mellitus; Median difference: median occurrence 
time in reference group (CVH low)—median occurrence time in comparison group. Negative values indicate a delay in the onset of events, while 
positive values indicate an earlier onset. Models were fully adjusted for age, sex, race, Townsend deprivation index, education levels, annual household 
income, family history of heart diseases, history use of lipid lowering drugs, antihypertensives and alcohol intake frequency. Low CVH: CVH score < 50 
points. Moderate CVH: CVH score 50–80 points. High CVH: CVH score ≥ 80 points.
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confirmation of the chronological sequence among exposure, 
mediator, and outcome, which is essential for valid 
causal interpretation.

IR impairs insulin receptor activation and signal transduction, 
reducing cellular insulin sensitivity, leading to metabolic dysfunctions 
and increasing susceptibility to diseases such as T2DM (45). 
Furthermore, elevated insulin levels in IR stimulate lipid peroxidation 
and reactive oxygen species (ROS) production, activating 
inflammatory pathways and worsening endothelial dysfunction, 
which fosters CMD onset (46). Inflammatory factors like CRP and 
interleukin-6 (IL-6) further exacerbate insulin signalling, induce white 
blood cell proliferation and migration and enhance inflammatory 
responses (47). Chronic inflammation contributes to endothelial 
dysfunction, impairing the body’s antithrombotic and anti-
atherosclerotic defences, promoting plaque formation and rupture 
and heightening the risk of atherosclerosis and CMDs (43, 48). The 
components of the LE8 score, such as healthy BMI, controlled lipid 
and glucose levels, physical activity and reduced tobacco use, are 
known to mitigate IR and inflammation, thus reducing CMD event 
risk (49–52).

A key strength of this study is its large prospective design, 
providing strong evidence for the relationship between CVH and 
CMM risk. Additionally, we identified a significant synergistic effect 
among LE8, TyG and CRP, advancing our understanding of LE8’s 
preventive role in CMM.

However, this study has several limitations. First, participant data 
were derived from the UK Biobank, potentially introducing selection 
bias, as individuals with existing CAMDs might have been less 
inclined to participate, thus resulting in an underestimation of CMM 
incidence. Second, all covariates were measured only at baseline and 
were not updated during follow-up. Although this is common in UK 
Biobank-based studies due to the limited availability of repeated 
measures, this approach might fail to capture changes in medication 
use, metabolic status, and lifestyle factors over time, potentially 
causing covariate misclassification and residual confounding. Third, 
the dietary component of the LE8 score was constructed using a 
binary scoring method based on nine dietary components, consistent 
with previous studies (53–55). While this method facilitates 
comparability and interpretability, it oversimplifies dietary behaviours 
by equally weighting each component. Future research could employ 
alternative approaches, such as factor analysis, to better reflect 
complex dietary patterns. Fourth, our definition of CMM included 
only CAD, T2DM, and stroke, excluding important conditions such 
as heart failure and chronic kidney disease, which might lead to an 
underestimation of the true cardiometabolic burden. Fifth, as with 
many large volunteer-based cohorts, the UK Biobank may be subject 
to healthy volunteer bias, given that participants are generally 
healthier, better educated, and more socioeconomically advantaged 
than the broader UK population. This may limit the generalizability 
of absolute risk estimates.

Additionally, LE8, TyG, and CRP were measured only at baseline, 
and potential longitudinal changes in these indicators were not 
captured. Such limitations could result in exposure misclassification 
and underestimation of time-varying effects. Given that 
cardiometabolic profiles and lifestyle behaviours dynamically evolve 
over time, our results should be interpreted cautiously. Furthermore, 
due to the observational nature of this study, causality between LE8, 
TyG, CRP, and CMM risk cannot be  established. Lastly, the UK 
Biobank cohort predominantly comprises participants of European 
ancestry, limiting the generalizability of our findings to ethnically 
diverse populations. Future studies should validate these associations 
in more diverse cohorts.

Conclusion

This study demonstrated that higher LE8 scores, along with lower 
levels of the IR index (TyG) and CRP, are significantly associated with 
a reduced risk of CMM. Additionally, both TyG and CRP were found 
to mediate the relationship between LE8 scores and CMM risk. These 
findings suggest that LE8 scores and biomarkers such as TyG and CRP 
may serve as useful indicators for stratifying CMM risk in the 
general population.
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FIGURE 5

Association between a 10-point increase in LE8 score and the risk of 
CMM across various subgroups. LE8, Life’s Essential 8; CMM, 
cardiometabolic multimorbidity; TyG, triglyceride-glucose; CRP, 
C-reactive protein; TDI, Townsend deprivation index; HR, hazard 
ratio; CI, confidence interval. Models were fully adjusted for age, sex, 
race, TDI, education levels, annual household income, family history 
of CVD, history use of lipid lowering drugs, antihypertensives, alcohol 
intake frequency, TyG index and CRP levels.
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