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Abstract

With global aging, the prevalence of calcific aortic valve stenosis (CAVS) has significantly increased, and even mild CAVS elevates mortality risk,
highlighting an urgent need for preventive strategies. In this study, we analyzed 153,312 participants from the UK Biobank. We found that a
higher Life's Essential 8 (LE8) score was independently associated with a decreased CAVS risk [hazard ratio (HR)/standard deviation (SD): 0.72,
95% confidence interval (Cl): 0.68-0.76, P < 2E-16], whereas a higher genetic risk score was independently associated with an increased
CAVS risk (HR/SD: 1.63, 95% Cl: 1.54-1.71, P < 2E-16). Restricted cubic spline analysis revealed approximately linear inverse associations be-
tween LE8 score and CAVS risk across all genetic risk groups. Although no multiplicative interaction was found between cardiovascular health
(CVH) and genetic risk for CAVS, a significant additive interaction was identified (relative excess risk due to interaction: 3.77, 95% Cl: 1.30-
8.50). Among participants with high genetic risk, those with ideal CVH had a lower 10-year cumulative CAVS incidence rate than those with
poor CVH (0.33% vs. 1.80%, P < 0.001). Besides, a significant multiplicative interaction was observed between LE8 score and age (P = 0.007).
Similar trends were also observed for early-onset and late-onset CAVS. In conclusion, regardless of genetic risk groups, a higher LE8 score was
associated with a lower CAVS risk in an approximately linear pattern. In particular, high genetic risk and poor CVH had a synergistic effect on
CAVS risk, meaning that participants with high genetic risk and poor CVH would amplify their CAVS risk. Therefore, early and sustained optimi-
zation of CVH, particularly among those with high genetic risk, is essential to mitigate the risk of CAVS and its subtypes.
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® Poor cardiovascular health
Associated with increased risk of CAVS (HR: 2.57, 95% CI: 1.95-3.40) versus ideal CVH

® High genetic risk

Associated with increased risk of CAVS (HR: 3.64, 95% CI: 3.01-4.41) versus low genetic risk
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Implications

No study has investigated
the associations between
LE8 score and the risk
of CAVS and its subtypes

better CVH reduces
the risk of CAVS
and its subtypes,
while high genetic risk
increases it

Early and sustained optimization of
CVH, particularly among those with
high genetic risk, is essential to
mitigate the risk of CAVS and
its subtypes

® Dose-response manner
Lower LE8 score was associated with a higher risk of CAVS in
individuals regardless of genetic risk category

©® Joint analysis

Participants with low genetic risk and ideal CVH exhibited the
lowest risk of CAVS compared to those with high genetic risk
and poor CVH (HR: 0.15, 95% CI: 0.08-0.26)

® Additive interaction
Significant additive interaction between CVH levels and genetic
risk for CAVS was identified (RERI: 3.77, 95% CI: 1.30-8.50)

® 10-year cumulative incidence rate

Among individuals with high genetic risk, those with ideal CVH
had a lower 10-year cumulative CAVS incidence rate than
those with poor CVH (0.33% versus 1.80%)

A Key limitation:

Although we observed significant associations
between LE8 score and CAVS risk, a causal
relationship warrants further investigation

Introduction

Calcific aortic valve stenosis (CAVS) is characterized by pro-
gressive aortic valve calcification, affecting more than 5% of
all individuals over the age of 65 years [1]. The global preva-
lence of CAVS increased by 443% from 1990 to 2019 [2].
Males and females with mild aortic valve stenosis, respec-
tively, have 5.8% and 9.9% higher 5-year mortality rates
than those with normal aortic valves [3]. Currently, there are
no recommended preventive methods for effectively delaying
CAVS onset [4]. Surgical aortic valve replacement (SAVR)
and transcatheter aortic valve replacement (TAVR) are the
only effective treatments. Given that patient age is a critical
factor in the selection of SAVR or TAVR, the American
Heart Association (AHA) guideline has recommended
that patients should be classified into three categories (< 635,
65-80, and > 80 years of age) [5]. For young patients (< 65
years of age), determining the optimal timing of intervention
and selecting the appropriate valve prosthesis are challenging
and require comprehensive evaluation [6]. A previous study
found that 74.5% of young patients received bioprosthetic
valves. Although bioprosthetic valves didn’t require long-
term anticoagulation therapy, their average lifetime was
shorter than that of mechanical valves, suggesting that young
patients might need reintervention in the future [7].
Therefore, preventing the onset of CAVS in young people
may be an effective measure to reduce future reintervention
risks, simplify treatment decisions, and improve long-
term survival.

Genome-wide association studies (GWASs) have identified
dozens of risk loci associated with CAVS [8,9]. Polygenic risk
score (PRS) can be used as an indicator to identify individuals
with higher genetic susceptibility to the disease by combining
multiple genetic risk loci [10]. PRSs can help identify individ-
uals with increased genetic predisposition to disease develop-
ment, yet even highly heritable phenotypes may still be
modified by environmental factors [11]. Some preventive
measures, such as physical activity and other lifestyle inter-
ventions, may reduce the incidence of aortic valve stenosis
[12]. However, previous studies have primarily focused on
the independent associations between a few lifestyle factors
and CAVS risk. Two key gaps remain: first, interactions
between multiple lifestyle factors are poorly understood; sec-
ond, how these factors modify CAVS risk in different genetic
risk categories requires further investigation [13,14].

The AHA has recently updated a measure for estimating
overall cardiovascular health (CVH) by integrating multiple
modifiable risk factors, named Life’s Essential 8 (LES8). The
metrics of LE8 include eight important factors: healthy diet,
physical activity, tobacco/nicotine exposure, sleep health,
body mass index (BMI), blood lipids, blood glucose, and
blood pressure [15]. Studies have found that a higher LES
score — healthier lifestyles — is associated with a lower inci-
dence of various cardiovascular diseases, including coronary
heart disease and stroke [16]. However, no study has investi-
gated the associations between the LE8 score and the risk of
CAVS and its subtypes (early- and late-onset). Therefore, our
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hypothesis posits that adopting better CVH levels advocated
by LE8 may decrease the risk of CAVS and its subtypes, espe-
cially for individuals with high genetic risk.

We conducted a prospective cohort study to investigate (1)
the associations between genetic risk, CVH levels, and CAVS
risk, (2) the interaction between genetic risk and CVH levels,
and (3) whether maintaining ideal CVH can effectively miti-
gate the elevated CAVS risk observed in individuals with high
genetic risk.

Results
Baseline characteristics of participants

A total of 153,312 participants retrieved from the UK
Biobank (Project ID: 101596) were included in this study
(Figure S1) after quality control and exclusion of individuals
with missing LE8 variables. The baseline characteristics of
the included, excluded, and total populations are summarized
in Table S1. The median follow-up duration for the study
was 13.27 years, during which 1271 participants were diag-
nosed with incident CAVS. The mean age of the study popu-
lation was 55.97 years [standard deviation (SD): 7.96 years],
and 82,074 participants (53.53%) were female. Furthermore,

Table 1 Population characteristics by CVH levels based on LE8 scores

7741 (5.05%), 116,668 (76.10%), and 28,903 (18.85%)
participants were categorized as poor, moderate, and ideal
CVH, respectively. Compared to participants with poor or
moderate CVH, those with ideal CVH were younger, more
likely to be female, and had a lower Townsend deprivation
index (TDI), higher educational attainment, and higher an-
nual household income (Table 1).

Associations of genetic risk and CVH levels with the
risk of CAVS and its subtypes

To assess genetic predisposition, four PRSs were constructed
using three approaches: clumping and thresholding [C+T;
two PRSs based on 29 and 304 single-nucleotide polymor-
phisms (SNPs), respectively] [17], LDpred2 [18], and
Lassosum2 [19]. All four resulting PRSs were all significantly
associated with CAVS risk (Table S2) and were approxi-
mately normally distributed (Figure S2A-D). When the PRS
was analyzed as a standardized continuous variable, the
LDpred2-derived PRS showed the highest hazard ratio (HR)
for CAVS among the four PRSs (HR/SD: 1.64, 95% confi-
dence interval (CI): 1.55-1.73, P < 2E—16) (Table S2). When
we conducted further risk stratification, participants were
classified into low (bottom 20%), intermediate (middle

Poor CVH

Moderate CVH Ideal CVH

(LES8 score: 0-49) (LES8 score: 50-79) (LES8 score: 80-100)

Number 7741 116,668 28,903
Follow-up duration (year): median (IQR) 13.15 (12.56,13.96) 13.26 (12.65, 14.04) 13.35 (12.74, 14.13)

Age (year): mean = SD 56.25 =7.40 56.65+7.82 53.13 £8.05
Female: number (%) 3227 (41.69) 58,597 (50.23) 20,250 (70.06)
Ethnicity: number (%)
White 7284 (94.59) 111,988 (96.27) 27,845 (96.52)
Others 417 (5.41) 4335 (3.73) 1004 (3.48)
TDI: mean = SD -0.79 = 3.20 -1.67 =2.82 -1.71£2.79
Alcohol consumption status: number (%)
Never 270 (3.49) 3351 (2.87) 972 (3.36)
Previous 367 (4.74) 3315 (2.84) 795 (2.75)
Current 7103 (91.77) 109,958 (94.28) 27,124 (93.88)
Educational attainment: number (%)
Non-college 5429 (70.52) 67,484 (58.06) 12,526 (43.40)
College 2269 (29.48) 48,748 (41.94) 16,333 (56.60)
Annual household income (£): number (%)
< 18,000 1642 (23.38) 15,994 (15.11) 2783 (10.50)
18,000-30,999 1722 (24.52) 26,071 (24.62) 5486 (20.70)
31,000-51,999 1877 (26.72) 30,488 (28.80) 7659 (28.90)
52,000-100,000 1448 (20.62) 25,847 (24.41) 7749 (29.23)
> 100,000 335 (4.77) 7479 (7.06) 2829 (10.67)
Aortic valve stenosis: number (%) 126 (1.63) 1054 (0.90) 91 (0.31)
AHA LES score: mean = SD
Total CVH score 43.95 = 5.13 67.37 =7.54 85.05 =4.27
DASH score 16.16 +22.25 32.79 £ 28.61 58.01 = 28.86
Physical activity score 37.49 = 45.58 87.58 +29.69 97.98 + 9.65
Tobacco/nicotine exposure score 49.78 + 39.20 77.18 £29.35 91.51 + 16.87
Sleep health score 77.51+24.76 90.31+17.17 95.97 £ 10.77
BMI score 37.82 £27.04 69.42 +26.70 92.98 = 13.66
Blood lipid score 31.33 £25.77 44.17 + 26.84 70.50 = 26.84
Blood glucose score 72.18 = 28.95 91.85 = 18.44 98.67 = 7.60
Blood pressure score 29.32 +£21.98 45.67 +26.22 74.81 £25.25
Genetic risk category: number (%)
High (top 20%) 1711 (22.10) 23,577 (20.21) 5375 (18.60)
Intermediate (middle 60%) 4595 (59.36) 70,023 (60.02) 17,368 (60.09)
Low (bottom 20%) 1435 (18.54) 23,068 (19.77) 6160 (21.31)

Note: Continuous variables are presented as mean (SD) or median (IQR). Categorical variables are presented as number (%). CVH levels were categorized as
ideal (80-100 points), moderate (50-79 points), or poor (0-49 points) according to LES8 criteria. Genetic risk categories were defined using an LDpred2-
derived PRS. CVH, cardiovascular health; LES, life’s essential 8; AHA, American Heart Association; DASH, dietary approaches to stop hypertension; BMI,
body mass index; TDI, Townsend deprivation index; IQR, interquartile range; PRS, polygenic risk score; SD, standard deviation.
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60%), and high (top 20%) genetic risk groups based on PRS
quintiles. All four PRSs demonstrated similar increasing
trends in CAVS risk across higher genetic risk categories
(Table S2). Compared to participants with low
genetic risk (bottom 20%), those with high genetic risk
(top 20%) showed increased CAVS risk across all four PRS
construction methods, with HRs of 2.07 (95% CI: 1.73-
2.48, P = 1.62E-15; Model 1) for the PRS including 29
SNPs, 2.49 (95% CI: 2.07-3.00, P < 2E—16; Model 1)
for the PRS including 304 SNPs, 3.18 (95% CI: 2.64-3.82,
P < 2E-16; Model 1) for the PRS constructed by Lassosum?2,
and 3.68 (95% CI: 3.04-4.45, P < 2E-16; Model 1) for the
PRS constructed by LDpred2 (Table S2). Among the four
PRSs, the LDpred2-derived PRS showed the highest HR for
CAVS. Furthermore, when stratifying participants by PRS
percentiles, the LDpred2-derived PRS also demonstrated the
most distinct gradient in CAVS prevalence, consistent with
its better risk discrimination (Figure S2E-H). Therefore, we
used the LDpred2-derived PRS for subsequent analysis.

A stepwise increase in CAVS events with increasing genetic
risk categories was presented in the cumulative incidence
curve (Figure S3A). Compared to participants with low ge-
netic risk (bottom 20%), the HR of those with high genetic
risk (top 20%) was 3.64 (95% CI: 3.01-4.41, P < 2E-16;
Model 2) after further adjustment for CVH levels (Table 2,
Table S3).

The cumulative incidence curve of CAVS showed incre-
mental increases from ideal to moderate to poor CVH
(Figure S3B). The risk of CAVS increased linearly in a dose-
response manner across poorer CVH levels (P for trend =
2.62E-12) (Table 2). Compared to participants with ideal
CVH (LES8 score > 80 points), those with poor CVH (LE8
score < 50 points) had a higher risk of CAVS (HR: 2.65,
95% CI: 2.01-3.50, P = 6.24E-12; Model 1). Each 1-point
increase in the LE8 score was associated with a 3%
reduction in the risk of CAVS (HR: 0.97, 95% CI: 0.97-0.98, P
< 2.00E-16) (Table 2). These associations remained significant
after further adjustment for genetic risk (Table 2, Table S3).

We further conducted secondary analyses to examine po-
tential differences by CAVS disease subtype, specifically

Table 2 Associations of genetic risk and CVH levels with CAVS risk
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early-onset (diagnosis age < 65 years) and late-onset (diagno-
sis age > 65 years). The early-onset CAVS analysis was re-
stricted to participants younger than 65 years at enrollment
(n = 129,066), with follow-up ending at the earliest occur-
rence of CAVS diagnosis, reaching age 65, loss to follow-up,
death, or study end. The late-onset CAVS analysis included
all participants (n = 153,312), and those diagnosed before
age 65 were reclassified as controls. In the genetic risk analy-
sis, the association between genetic risk and disease was con-
sistently significant in both early- and late-onset CAVS
(Tables S4 and S5). For example, participants with high ge-
netic risk (top 20%) had significantly higher risks of both
early-onset (HR: 3.61, 95% CI: 2.28-5.72, P = 4.55E-38)
(Table S4) and late-onset CAVS (HR: 3.64, 95% CI: 2.95-4.50,
P < 2.00E-16) (Table S5) compared to those with low genetic
risk (bottom 20%) after adjusting for CVH levels. Moreover,
participants with poor CVH (LES8 score: 0—49) were associated
with higher risks of early-onset (HR: 2.80, 95% CI: 1.52-5.14,
P = 9.16E-4) (Table S4) and late-onset CAVS (HR: 2.54, 95%
CL: 1.86-3.48, P = 5.66E-9) (Table S5) after adjusting ge-
netic risk.

Blood pressure, BMI, tobacco/nicotine exposure,
and blood glucose were independently associated
with CAVS risk

The associations between each individual LE8 metric and
CAVS risk are summarized in Table 3. Of the eight metrics in
LES8, we observed that four metrics — blood pressure, BMI,
tobacco/nicotine exposure, and blood glucose — retained sig-
nificant independent associations with CAVS risk (low score
vs. high score, P < 0.00625 for each factor) after adjusting for
the other seven metrics and genetic risk score. Blood pressure
(HR: 1.42, 95% CI: 1.13-1.79, P = 0.003), BMI (HR: 1.69,
95% CI: 1.44-1.99, P = 1.28E-10), tobacco/nicotine expo-
sure (HR: 1.45, 95% CI: 1.18-1.77, P = 3.50E—4), and blood
glucose (HR: 1.47, 95% CI: 1.22-1.76, P = 4.13E-5) had a
higher risk of CAVS in participants with low scores (0-49)
compared to those with high scores (80-100) on the corre-
sponding metric. Additionally, genetic correlation analysis
revealed significant genetic correlations between CAVS and

Subgroup Events/person years

Model 1HR (95% CI) P

Model 2HR (95% CI) P

Genetic risk

Low (bottom 20%) 133/404,168 1.00 (Ref) 1.00 (Ref)

Intermediate (middle 60%) 644/1,209,517 1.61(1.33-1.94) 6.41E-7 1.60 (1.33-1.93) 7.94E-7

High (top 20%) 494/402,006 3.68 (3.04-4.45) <2.00E-16  3.64 (3.01-4.41) < 2.00E-16

P for trend < 2.00E-16 < 2.00E-16
CVH level

Ideal CVH (LES8 score: 80-100) 91/385,669 1.00 (Ref) 1.00 (Ref)

Moderate CVH (LE8 score: 50-79) 1054/1,530,899 1.69 (1.36-2.10) 2.10E-6 1.64 (1.32-2.04) 6.73E-6

Poor CVH (LES score: 0-49) 126/99,123 2.65(2.01-3.50) 6.24E-12 2.57 (1.95-3.40) 2.71E-11

P for trend 2.62E-12 1.12E-11

LES score (0-100) 1271/2,015,691 0.97 (0.97-0.98) <2.00E-16  0.97(0.97-0.98) < 2.00E-16

Note: Genetic risk categories were defined using an LDpred2-derived PRS. CVH levels were categorized by LE8 scores. P for trend was calculated by treating
the categories as continuous variables, using the median value of each group’s score range. Associations of genetic risk categories and CVH levels with CAVS
were evaluated using Cox proportional hazards models. In Model 1, genetic risk was adjusted for age at recruitment, sex, ethnicity, assessment center, TDI,
average annual household income, educational attainment, CKD, number of treatments/medications taken, alcohol consumption status, and the first 20
principal components of ancestry; CVH levels were adjusted for the aforementioned covariates expect for assessment center and the first 20 principal
components of ancestry. In Model 2, genetic risk was further adjusted for CVH levels; CVH levels were additionally adjusted for genetic risk categories,
assessment center, and the first 20 principal components of ancestry. P values in bold indicate that the predictor’s effect on the hazard (risk of event) is
statistically significant, essentially testing if its HR is different from 1 (which indicates no effect). CI, confidence Interval; HR, hazard ratio; Ref, reference;

CAVS, calcified aortic valve stenosis; CKD, chronic kidney disease.
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Table 3 Associations of LE8 metrics with CAVS risk

Lifestyle factor Events/person years HR (95% CI) P PAF (95% CI)
LES8 score 36.45% (23.87%-49.04%)
Blood pressure score 20.36% (3.89%-36.82%)
High (> 80) 84/333,798 1.00 (Ref)
Intermediate (50-79) 424/978,955 1.10 (0.87-1.39) 0.444
Low (< 49) 763/702,939 1.42 (1.13-1.79) 0.003
P for trend 8.35E-5
BMI score 15.68% (6.89%-24.46%)
High (> 80) 291/769,450 1.00 (Ref)
Intermediate (50-79) 529/843,414 1.09 (0.94-1.27) 0.245
Low (< 49) 451/402,827 1.69 (1.44-1.99) 1.28E-10
P for trend 1.35E-13
Tobacco/nicotine exposure score 9.88% (4.00%-15.75%)
High (> 80) 542/1,147,152 1.00 (Ref)
Intermediate (50-79) 610/690,115 1.20 (1.06-1.35) 0.003
Low (< 49) 119/178,424 1.45 (1.18-1.77) 3.50E—4
P for trend 1.06E-4
Blood glucose score 7.77% (4.07%-11.47%)
High (> 80) 845/1,689,949 1.00 (Ref)
Intermediate (50-79) 249/232,408 1.27 (1.10-1.47) 0.001
Low (£49) 177/93,334 1.47 (1.22-1.76) 4.13E-5
P for trend 2.70E-7
Blood lipid score 8.34% (-0.77%-17.45%)
High (> 80) 329/421,685 1.00 (Ref)
Intermediate (50-79) 155/472,823 1.12 (1.02-1.23) 0.097
Low (£49) 787/1,121,183 1.19 (1.03-1.36) 0.018
P for trend 0.016
DASH score 4.31% (-6.71%-15.33%)
High (> 80) 232/410,911 1.00 (Ref)
Intermediate (50-79) 367/547,655 1.08 (0.91-1.27) 0.377
Low (< 49) 672/1,057,126 1.06 (0.91-1.24) 0.423
P for trend 0.585
Physical activity score -0.40% (-2.78%-1.99%)
High (> 80) 1,071/1,722,737 1.00 (Ref)
Intermediate (50-79) 53/80,318 1.02 (0.77-1.34) 0.910
Low (< 49) 147/212,636 0.98 (0.82-1.17) 0.821
P for trend 0.868
Sleep health score 0.54% (-2.56%-3.64%)
High (> 80) 960/1,544,271 1.00 (Ref)
Intermediate (50-79) 244/368,472 1.08 (0.94-1.24) 0.302
Low (< 49) 67/102,948 0.88 (0.68-1.12) 0.296
P for trend 0.879

Note: The association of each LE8 metric with CAVS risk was evaluated using Cox proportional hazards models, with all eight LE8 metrics simultaneously
included in the multivariable-adjusted models. The association with P < 0.00625 (0.05/8 lifestyle factors) was considered significant after Bonferroni
correction. The model was adjusted for genetic risk categories, age at recruitment, sex, ethnicity, TDI, average annual household income, educational
attainment, CKD, number of treatments/medications taken, alcohol consumption status, assessment center, the first 20 principal components of ancestry, and
other lifestyle factors. High, intermediate, and low levels correspond to LE8 component scores of > 80, 50-79, and < 49 points, respectively. PAF represents
the proportion of CAVS cases that are theoretically preventable if all participants achieve high score (80-100 points) for each metric. P for trend was
calculated by treating the categories as continuous variables, using the median value of each group’s score rang. Bolded values indicate results that are

statistically significant. PAF, population attributable fraction.

systolic blood pressure, BMI, and smoking (P < 0.05/5 = 0.01
for multiple correction) (Table S6).

Assuming a causal relationship, the estimated population at-
tributable fraction (PAF) of CAVS due to nonadherence to
ideal CVH was 36.45% (95% CI: 23.87%-49.04%).
Moreover, for each metric of LE8, maintaining high level
(> 80 points) for blood pressure, BMI, tobacco/nicotine ex-
posure, and blood glucose could potentially prevent
20.36% (95% CIL: 3.89%-36.82%), 15.68% (95% CI:
6.89%24.46%), 9.88% (95% CI: 4.00%-15.75%), and 7.77%
(95% CI: 4.07%-11.47%) of CAVS cases, respectively (Table 3).

Joint associations of genetic risk and CVH levels
with the risk of CAVS and its subtypes

We assessed the joint associations of genetic risk and CVH
levels with the risk of CAVS and its subtypes. The

approximately linear downward-sloping restricted cubic
spline curve illustrated an inverse association between LES
score and CAVS risk, stratified by genetic risk (Figure 1).
Although no significant multiplicative interaction was
detected (P = 0.657) (Figure 1), significant additive interac-
tions were observed between CVH levels and genetic risk for
CAVS [relative excess risk due to interaction (RERI): 3.77,
95% CI: 1.30-8.50], early-onset CAVS (RERI: 2.53, 95%
CI: 0.26-6.52), and late-onset CAVS (RERI: 4.71, 95% CI:
0.86-12.77) (Tables S7 and S8). Participants with low genetic
risk (bottom 20%) and ideal CVH exhibited the lowest
risk of CAVS compared to those with high genetic risk
(top 20%) and poor CVH (HR: 0.15, 95% CI: 0.08-0.26,
P =9.07E-11) (Table 4).

Although higher LE8 score was associated with progres-
sively lower CAVS risk in the high genetic risk group (top
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Figure 1 Dose-response association of LE8 score with CAVS risk stratified by genetic risk

HRs were calculated using Cox proportional hazards regression model, with adjustment for age at recruitment, sex, ethnicity, TDI, average annual
household income, educational attainment, number of treatments/medications taken, CKD, alcohol consumption status, assessment center, and the first
20 principal components of ancestry. Solid lines represent HRs, with shaded areas indicating 95% CI from the restricted cubic spline model. Pinteraction
represents the P value of multiplicative interaction. P nonlinearity represents a statistical P value that tests whether the relationship between a
continuous variable (e.g., exposure) and an outcome is nonlinear (curved) rather than linear (straight). LE8, life's essential 8; CAVS, calcified aortic valve
stenosis; HR, hazard ratio; TDI, Townsend deprivation index; CKD, chronic kidney disease; Cl, confidence interval.

20%) in an approximately linear manner (Figure 1), individu-
als in this group who maintained ideal CVH still showed sig-
nificantly higher CAVS risk compared to those with low
genetic risk (HR: 2.30, 95% CI: 1.57-3.38, P = 2.09E-35;
bottom 20%) (Figure S4A) or those with low-intermediate
genetic risk (HR: 1.58, 95% CI: 1.11-2.24, P = 0.010; bot-
tom 80%) (Figure 2A). Notably, while the 10-year cumula-
tive CAVS incidence rate in the high genetic risk group was
0.93%, it varied substantially within this group stratified by
CVH levels — individuals with ideal CVH had an incidence
rate of 0.33% ws. 1.80% in those with poor CVH, corre-
sponding to a 5.45-fold difference (1.80/0.33) (Figure 2B,
Figure S5B). These results validated the significant additive
interaction between genetic risk and CVH levels, confirming
that poorer CVH would further amplify CAVS risk in indi-
viduals with high genetic risk.

Next, we performed the secondary analyses for early- and
late-onset CAVS. The approximately linear downward-
sloping restricted cubic spline curves illustrated inverse asso-
ciations between LES8 score and the risk of early- and late-
onset CAVS across different genetic risk categories (Figure
S5C and E). Participants with low genetic risk and ideal CVH
also showed the lowest late-onset CAVS risk compared with
participants with high genetic risk and poor CVH (Table S9).
However, for early-onset CAVS, the lowest risk was observed
in participants with low genetic risk and moderate CVH com-
pared with those with high genetic risk and poor CVH (Table
§10). Participants with high genetic risk but maintaining ideal
CVH still exhibited higher late-onset CAVS risk compared to
those with low genetic risk (bottom 20%) (Figure S4C) or
combined low-intermediate genetic risk (bottom 80%)
(Figure 2A). However, no significant associations were ob-
served for early-onset CAVS between individuals with high

genetic risk and ideal CVH and those with low genetic risk
(bottom 20%) (Figure S4B) or combined low-intermediate
genetic risk (bottom 80%) (Figure 2A). Notably, the 10-year
cumulative incidence rate for early-onset CAVS varied signifi-
cantly in high genetic risk group stratified by CVH levels
(0.07% for ideal CVH vs. 1.10% for poor CVH) (Figure 2C,
Figure S5D). Similarly, for late-onset CAVS, the 10-year cu-
mulative incidence rate for individuals with high genetic risk
and ideal CVH was 0.28%, compared to 1.20% for those
with high genetic risk and poor CVH (Figure 2D,
Figure SSF).

To test the robustness of the associations, we performed a
series of sensitivity analyses, including excluding participants
diagnosed with CAVS within the first 2 years of follow-up
(Table S11), excluding participants with incomplete covari-
ates (Table S12), or adjusting for additional medication use
(Table S13). The observed associations remained statistically
significant. Furthermore, we examined the cumulative
incidence rate of CAVS at multiple time points (3, 5, and
10 years). The 5- and 10-year cumulative incidence rates
yielded consistent trends, reinforcing the temporal stability of
the associations (Figure S6; Table S14).

Stratified analyses using potential effect modifiers

Despite variations in baseline risks and effect sizes among dif-
ferent subgroups, a negative association between LE8 score
and CAVS risk existed across all of the groups (Figure S7A).
Significant multiplicative interactions were observed between
LE8 score and age (P for multiplicate interaction = 0.007)
(Figure S7A) and between LES8 score and sex (P for multipli-
cate interaction = 0.008) (Figure S7A), indicating that the
negative association between LE8 score and CAVS risk was
stronger in younger individuals and in females. Therefore, we
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Figure 2 Ten-year cumulative incidence rate of CAVS by genetic risk and CVH levels: high genetic risk vs. low-intermediate risk

A. The risk of CAVS and its subtypes (early-onset and late-onset) among different CVH levels in individuals with high genetic risk compared with those
with low-intermediate genetic risk. B. Bar plot showing the 10-year cumulative incidence rates of CAVS among genetic risk groups (low, low-
intermediate, intermediate, high) and within the high genetic risk group stratified by CVH levels. C. Bar plot showing the 10-year cumulative incidence
rates of early-onset CAVS among genetic risk groups (low, low-intermediate, intermediate, high) and within the high genetic risk group by stratified CVH
levels. D. Bar plot showing the 10-year cumulative incidence rates of late-onset CAVS among genetic risk groups (low, low-intermediate, intermediate,
high) and within the high genetic risk group by stratified CVH levels. CVH, cardiovascular health.

further examined the sex-specific associations between each
LES8 metric and CAVS risk and additionally tested for multi-
plicative interactions between each metric and CAVS risk
within each sex group. Four LE8 metrics, including blood
pressure, BMI, tobacco/nicotine exposure, and blood glucose,
were still independently associated with CAVS risk in both
males and females after adjusting for genetic risk and the
other seven LE8 metrics (Table S15). Although no significant
multiplicative interactions were detected between these four
LE8 metrics and CAVS risk within either sex group, the
strength of associations seemed to be stronger in females than
in males. Notably, blood lipids were significantly associated
with CAVS in females (HR: 0.82; 95% CI: 0.74-0.91; P =
2.78E—4) (Table S15) but not in males (HR: 0.91; 95% CI:
0.84-0.98; P = 0.011) (Table S15), suggesting a potential
female-specific effect.

Besides, we further explored whether genetic risk, which
was identified by LDpred2-derived PRS based on GWAS
summary data from Million Veteran Program (MVP), dif-
fered by sex. First, we separately performed sex-stratified
subgroup analyses to assess the associations between genetic
risk and CAVS risk in males and females, and we observed
that genetic risk was significantly associated with CAVS risk
in males or females (Table S16). Besides, no significant multi-
plicative interaction was observed between sex and genetic
risk score (P for interaction = 0.656) (Table S16). We further
evaluated the associations between genetic risk and the risk
of early-onset or late-onset CAVS. We observed similar asso-
ciations between genetic risk and the risk of CAVS subtypes
(Table S17).

Additionally, there were no significant interactions between
CVH levels and TDI or educational attainment in relation to
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Table 4 Joint associations of genetic risk and CVH levels with CAVS risk
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Subgroup Events/person years HR (95% CI) P
High genetic risk
Poor CVH 52/21,853 1.00 (Ref)
Moderate CVH 409/308,417 0.62 (0.46-0.83) 1.39E-3
Ideal CVH 33/71,736 0.38 (0.25-0.59) 1.93E-5
Intermediate genetic risk
Poor CVH 63/58,912 0.43 (0.30-0.62) 6.54E—6
Moderate CVH 538/918,906 0.28 (0.21-0.37) < 2.00E-16
Ideal CVH 43/231,699 0.15 (0.10-0.23) < 2.00E-16
Low genetic risk
Poor CVH 11/18,359 0.24 (0.12-0.46) 1.51E-5
Moderate CVH 107/303,576 0.17 (0.12-0.23) < 2.00E-16
Ideal CVH 15/82,233 0.15 (0.08-0.26) 9.07E-11

Note: Genetic risk categories were defined using an LDpred2-derived PRS. CVH levels were categorized by LES scores: poor (0—49), moderate (50-79), and
ideal (80-100). Joint associations of genetic risk categories and CVH levels with CAVS risk were evaluated using Cox proportional hazards model, which
was adjusted for age at recruitment, sex, ethnicity, TDI, average annual household income, educational attainment, CKD, number of treatments/medications
taken, alcohol consumption status, assessment center, and the first 20 principal components of ancestry. P values in bold indicate that the predictor’s effect
on the hazard (risk of event) is statistically significant, essentially testing if its HR is different from 1 (which indicates no effect).

CAVS risk (all P for multiplicate interaction > 0.05)
(Figure S7A).

Discussion

In this large prospective cohort study, we found that higher
PRScavs and lower LE8 score were independently associated
with increased risk of CAVS and its subtypes. Compared to
participants with ideal CVH, the CAVS risk of those with
poor CVH was increased by 165%. Besides, the dose-
response analysis further revealed negative associations be-
tween LE8 score and the risk of CAVS and its subtypes across
all genetic risk categories. We observed significant additive
interactions between genetic risk and CVH levels, suggesting
that the increase in CAVS risk (as reflected by HRs) from
ideal to poor CVH was greater among individuals with high
genetic risk than those with lower genetic risk. Additionally,
we observed significant multiplicative interactions between
CVH and sex or age. Poorer CVH in females conferred
greater CAVS risk than in males, and in younger individuals
than in older individuals. Among participants with high ge-
netic risk, maintaining ideal CVH can change the 10-year cu-
mulative incidence rate of CAVS from 0.93% to 0.33%.
Although no previous studies have analyzed the impact of
LES8 score on the risk of CAVS and its subtypes, the EPIC-
Norfolk cohort study, which used Life’s Simple 7 (LS7) to as-
sess CVH, found that participants in the top quartile of LS7
score had a lower risk of CAVS compared to those in the bot-
tom quartile [20]. However, the quartile grouping of LS7 may
be data-dependent because it is derived using population-
specific cut-points, which makes it challenging to compare the
results with other research and apply them in population edu-
cation [21]. Besides, our results revealed that the association
between LE8 score and CAVS was stronger in female and
younger participants. Although four LE8 metrics — blood
pressure, BMI, tobacco/nicotine exposure, and blood glucose
— were significantly associated with CAVS risk in both males
and females, the point estimates appeared to be consistently
smaller in females than in males. Additionally, blood lipid
levels were significantly associated with CAVS risk only in
females, which may further explain the stronger impact of
poorer CVH on CAVS risk in females. Additionally, the
National Health and Nutrition Examination Survey

(NHANES) revealed that the overall CVH of individuals tends
to decline with age in the general population [22]. Despite pre-
vious studies showing that males were more likely to have
CAVS than females, the prevalence of CAVS in females has
been observed to increase significantly with age, and most
patients over 80 years old with aortic valve stenosis were fe-
male [23]. Therefore, maintaining ideal CVH during early life
is particularly important for preventing CAVS in females. Both
sexes are encouraged to adopt the ideal CVH in early life to
optimally reduce the prevalence of CAVS.

Although our analyses suggested that improvements in
CVH were associated with reduced CAVS risk in other ethnic
groups, caution is warranted when interpreting these find-
ings. The “other” ethnicity category in our study comprised
multiple distinct subpopulations, including Black, Asian,
and mixed ethnic backgrounds. However, due to the limited
representation of these groups in the UK Biobank and
the low number of CAVS events observed within each
subgroup (Table S18), our study lacked sufficient power to
generate robust, stratified conclusions for non-White popula-
tions. Therefore, the generalizability of our findings to other
ethnic groups remains uncertain, and future studies are
needed to validate these associations in more diverse and ade-
quately powered multi-ethnic cohorts.

Our joint analysis of genetic risk and CVH levels demon-
strated a significant additive interaction, whereby individuals
with high genetic risk and poor CVH experienced greater
CAVS risk. Besides, to investigate the impact of CVH
levels on early-onset CAVS, we classified CAVS into early-
onset (< 65 years) and late-onset (> 65 years) CAVS based
on the diagnosis age. We observed that adopting better CVH
levels could significantly reduce the risk of early-onset CAVS.
Besides, we further analyzed the relationship between each
metric of LE8 and CAVS to identify the key modifiable risk
factors in LES8 that could reduce the risk of CAVS. We found
that four modifiable risk factors (blood pressure, BMI, to-
bacco/nicotine exposure, and blood glucose) were associated
with CAVS risk. Additionally, prior evidence has supported
potential causal relationships between some of these metrics
and aortic valve stenosis. For example, elevated BMI and
blood pressure have been identified as likely causal risk fac-
tors through Mendelian randomization and large-scale co-
hort studies [24,25]. Although current evidence does not
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suggest a clear causal relationship between smoking and aor-
tic valve stenosis [26], an association between diabetes and
aortic valve disease has been reported [27]. Furthermore,
although the genetic susceptibility of an individual is deter-
mined, disease risk also heavily depends on various modifi-
able factors, such as environmental exposure and medical
history [28]. In our study, we observed significant genetic
correlations between CAVS and three modifiable LE8 met-
rics, including systolic blood pressure, BMI, and smoking,
indicating partial shared genetic architecture.

Several significant risk loci associated with CAVS, such as
those in LPA and FTO, are related to lipid metabolism and
obesity, respectively [9], which could be offset by maintaining
ideal CVH. Currently, several mechanisms could explain the
aforementioned associations. The key pathogenesis of CAVS
is endothelial dysfunction caused by disturbed blood flow,
lipid accumulation, chronic inflammation, and valve intersti-
tial cells undergoing osteogenic reprogramming [29].
Hypertension may accelerate the progression of CAVS by in-
creasing mechanical stress on the valve leaflets [30], and obe-
sity could significantly affect rising blood pressure and
upregulate adipose-derived autotaxin, which could induce lo-
cal inflammation and calcification in the aortic valve [31].
Hyperglycemia increases the formation and amount of ad-
vanced glycation end products, which promotes oxidative
stress [27]. Tobacco, rich in toxic oxidizing chemicals and free
radicals, could alter lipoprotein composition and induce a
proinflammatory state in the valves [32]. These findings show
that the independent impacts and interactions with the other
risk factors contributed to the incidence of CAVS. Although
no significant association was observed between a healthy diet
[33], blood lipid [34], adequate physical activity [35], and
healthy sleep [14] and the risk of CAVS, which was consistent
with the results of most previous studies, these risk factors
should still be strictly managed, because every metric of LES8
interacts with each other. Besides, the estimated PAF of CAVS
due to nonadherence to ideal CVH in our study was stronger
than each LE8 metric. Therefore, implementing a more aggres-
sive overall CVH management strategy could maximize the
prevention of CAVS in participants with high genetic risk. In
addition, based on the identification of more potential risk var-
iants within a larger sample cohort, the PRS could be more ef-
fective in identifying high genetic risk carriers [36]. Compared
with a previous study, which evaluated the association be-
tween lifestyle, genetic risk, and aortic valve stenosis [13], we
constructed the PRS based on a larger sample size cohort
(MVP) to more accurately evaluate the genetic susceptibility of
individuals and better assess the preventive benefits of adher-
ing to ideal CVH in populations with high genetic risk.

However, several limitations of our study should be ac-
knowledged. First, the observational nature of the study pre-
cludes causal inference. Although we observed significant
associations between LE8 metrics and CAVS risk, a causal re-
lationship warrants further investigation. Second, the gener-
alizability of our findings may be limited, as the majority of
participants were of European ancestry. Therefore, the results
may not be applicable to non-European populations, and fur-
ther studies in more ethnically diverse cohorts are needed to
confirm the associations across different ancestral back-
grounds. Third, selection bias may have occurred, as partici-
pants in the UK Biobank tend to be healthier and more
health-conscious than the general population. This “healthy
volunteer” bias may limit the external validity of our

findings. Fourth, despite the inclusion of additional risk var-
iants from large-scale GWAS, some genetic susceptibilities,
such as structural variants, may have remained undetected,
potentially limiting the comprehensiveness of the PRS.
Finally, several metrics of the LE8 score, particularly physical
activity and dietary intake, were self-reported and may be
subject to recall bias. Moreover, these lifestyle factors could
have changed over the follow-up period. However, any mis-
classification is likely nondifferential due to the prospective
design, which would tend to attenuate the observed associa-
tions toward the null.

Materials and methods
Study participants

The study design and population of the UK Biobank have
been outlined previously [37]. A total of 502,366 participants
were recruited from the UK Biobank (Project ID: 101596;
https://www.ukbiobank.ac.uk/). We sequentially excluded par-
ticipants who withdrew from the study (7 = 178), those with
missing or low-quality genotyping data (n = 16,231), those
with a medical history of rheumatic fever, rheumatic heart dis-
ease, congenital valve malformations, or aortic valve stenosis
(n=1710) [38], and those with missing data related to LES (n
= 330,935). Finally, a total of 153,312 participants were
included in this study (Figure S1).

Genetic risk profiling

We constructed PRSs for CAVS using summary statistics
from the multi-ancestry GWAS conducted by the MVP,
which is predominantly composed of individuals of European
ancestry (72.41%) [39]. First, we generated conventional
PRSs through C+T at two stringency levels: (1) genome-wide
significant SNPs (P < 5x 1078, 29 variants; Table $19) and
(2) suggestive SNPs (P < 1x 107*, 304 variants; Table S20),
both LD-pruned (> < 0.01) and weighted by MVP effect
sizes [9]. Second, We processed HapMap3 SNPs through
LDpred2 [18] and Lassosum2 [19]. For LDpred2, default
parameters were employed as per a previous study [40]: the
proportion of assumed causal variants (cut-offs at P = 1.0 x
107%, 1.8x107%, 32x107% 5.6x107%, 1.0x107%,
1.8%x1073, 3.2x 1073, 5.6 x1073, 1.0x 1072, 1.8 x 1072,
3.2%x1072, 5.6x1072, 1.0x107", 1.8x 107", 3.2x 107",
5.6x 107", and 1), the scale of heritability (s = 0.7, 1, and
1.4), and the option of whether to apply a sparse LD matrix.
We applied Lassosum2 with s values of 0.001, 0.01, 0.1, and
1, along with 30 A values. All PRSs were validated in an inde-
pendent UK Biobank subset (z = 332,173). The PRS with the
best stratification ability was used in the downstream analy-
sis, and PRSs were classified by centiles to examine changes
in the prevalence of CAVS as the PRS centiles increased.

Genome-wide association studies

A total of 407,330 quality-controlled individuals from the
UK Biobank were initially selected for GWAS (Figure S8). The
association of each genetic variant with CAVS was assessed us-
ing REGENIE [41], adjusting for age, sex, genotype measure-
ment, and the first 10 genetic principal components. The
resulting GWAS summary statistics were subsequently used to
estimate genetic correlations through linkage disequilibrium
score regression (LDSC) (Figure S9) [42].
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CVH assessment with LE8

CVH was evaluated using the LE8 score, which includes eight
metrics. In addition to the healthy diet based on the dietary
approaches to stop hypertension (DASH) diet score, the other
seven metrics were processed according to the original guide-
lines. We assessed the dietary intake levels based on the modi-
fied DASH diet score (without considering sodium
intake) [43]. Medication use was incorporated into the scor-
ing of several metrics. For blood pressure and blood lipids, a
20-point deduction was applied if participants were using re-
lated medications. For blood glucose, individuals using
glucose-lowering drugs were classified as having diabetes.
The detailed definitions and scoring of every LE8 metric are
outlined in Table S21.

The LE8 metrics and the overall score were evaluated at
baseline, with every metric scored from 0 to 100 points. The
overall LE8 score of each individual was derived by summing
the scores of the eight metrics and dividing by 8. Based on the
AHA’s categorical recommendation, CVH was categorized as
poor (0-49), moderate (50-79), and ideal (80-100) based on
the overall LE8 score [15].

Follow-up and outcome assessment

This study focused on CAVS and its subtypes (early-onset
and late-onset). Diagnostic information was obtained using a
combination of primary care data, linked hospital admission
records, and death registry data. Detailed disease phenotypes
are provided in Table S22. The follow-up duration for every
participant was measured from the time of enrollment to the
earliest occurrence of any of the following: CAVS diagnosis,
loss to follow-up, death, or the end of the follow-up period
(May 31, 2022 for Wales; August 31, 2022 for Scotland; and
October 30, 2022 for England). Besides, CAVS was classified
into early-onset (diagnosed at age < 65 years) and late-onset
(diagnosed at age > 635 years). For early-onset CAVS analysis,
we only included the participants who were younger than
65 years at enrollment (7 = 129,066), and the follow-up du-
ration for each participant was measured from the time of en-
rollment to the earliest occurrence of CAVS diagnosis, loss to
follow-up, death, reaching age 65 during follow-up, or the
end of the follow-up period (dates as mentioned above). For
late-onset CAVS analysis, participants diagnosed at age < 65
years were regarded as controls.

Covariates

Covariates were collected through questionnaires or inter-
views and included: age at recruitment (< 65 years, > 65
years), sex (male, female), ethnicity (White, others), TDI (di-
vided into tertiles), self-reported average annual household
income (£; < 18,000, 18,000-30,999, 31,000-51,999,
52,000-100,000, > 100,000), alcohol consumption status
(never, past, current), educational attainment (non-college,
college), chronic kidney disease (CKD), number of treat-
ments/medications taken, assessment center, and the first 20
principal components of ancestry. CKD was diagnosed based
on self-reported questionnaire responses, hospital admission
records, and death registry data (Table S22). Missing data for
ethnicity (0.29% missing), TDI (0.11% missing), self-
reported average annual household income (9.07% missing),
educational attainment (0.34% missing), and alcohol con-
sumption status (0.04% missing) were imputed using multi-
ple imputation methods [44].
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Statistical analysis

According to the CVH levels, baseline characteristics were
described as mean (SD) or median (interquartile range) for
continuous variables and as number (%) for categorical vari-
ables. Baseline characteristics between the individuals in-
cluded and excluded are presented in Table S1.

Cox proportional hazards models were used to evaluate
the associations of genetic risk, CVH levels, and combined
genetic risk and CVH levels (participants with high genetic
risk and poor CVH as references) with CAVS and its
subtypes. The models were adjusted for age at recruitment,
sex, ethnicity, TDI, educational attainment, average annual
household income, alcohol consumption status, CKD, and
number of treatments/medications taken. Specifically, Model 1
assessed CVH levels (adjusted for all the covariates listed
above) and genetic risk groups (adjusted for all the covariates
listed above, as well as assessment center and the first 20 prin-
cipal components of ancestry), respectively. Model 2 evaluated
the joint associations by further adjusting genetic risk groups
for CVH levels and adjusting CVH levels for genetic risk
groups, assessment center, and first 20 principal components of
ancestry, while maintaining all other covariates from Model 1.
The proportional hazards assumption was confirmed using the
Schoenfeld residuals method, and no observed violations were
detected (P > 0.05). Subsequently, we performed a multivari-
able Cox model simultaneously including all eight metrics of
LES8 to evaluate their independent associations with incident
CAVS, addressing potential correlations among these metrics.
Bonferroni correction was applied for multiple test correction.
The PAF and its 95% CI were calculated to estimate the pro-
portion of CAVS cases in this study that could theoretically be
prevented if all participants adhered to ideal CVH or were in a
high-score group of the single LE8 metric [45].

We further calculated the dose-response associations be-
tween LES8 score and the risk of CAVS and its subtypes using
restricted cubic spline models stratified by genetic risk.
Additionally, we evaluated the multiplicative and additive
interactions of CVH levels and genetic risk categories on the
risk of CAVS and its subtypes. We calculated the RERI and
95% CI using the MOVER method for additive interac-
tions [46].

Additionally, for CAVS and its subtypes, we categorized
high genetic risk carriers (top 20%) by CVH levels and com-
pared their risk of CAVS and its subtypes with that of carriers
with low (bottom 20%) or low-intermediate genetic risk
(remaining 80%) [47]. The 10-year cumulative incidence rates
of CAVS and its subtypes were also calculated using the cumu-
lative incidence function of competing risk regression.

We further explored the robustness of the associations be-
tween CVH levels and CAVS across subgroups stratified by
age at enrollment (< 65 years, > 65 years), sex (male, fe-
male), ethnicity (White, others), TDI (divided into tertiles),
educational attainment (non-college, college) and additional
medication use. All tests were two-sided, with P < 0.05 con-
sidered statistically significant. All analyses were performed
using R software (v4.4.1).

Ethical statement

The UK Biobank was approved by the North West Research
Ethics Committee (Approval No. 21/NW/0157) and con-
ducted according to the principles of the Declaration of
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Helsinki. All participants gave written informed consent be-
fore enrolment.

Code availability
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