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Over the past decade, the previously declining trend in coronary heart disease
burden has reversed, particularly among younger adults. Using an exposure-
wide association study with data from 394,579 UK Biobank participants, we
examined the relationship between 213 modifiable factors across eight
domains and coronary heart disease. Weighted domain scores were calculated
to assess the combined effects of these factors and their interactions with
genetic risk. We identified 155 modifiable factors associated with coronary
heart disease, 31 of which showed evidence of causality. The major con-
tributors are health and medical history (15.75%), including diabetes mellitus;
blood assays (13.87%), including cystatin C; lifestyle factors (10.01%), including
time spent watching television; and physical measures (8.70%), including
systolic blood pressure. We estimate that 40% to 62% of cases could be pre-
vented by modifying these factors, which have a stronger effect on younger

populations. These findings underscore the importance of early and com-
prehensive prevention strategies.

Cardiovascular disease (CVD) remains the leading cause of premature
death globally, with coronary heart disease (CHD) accounting for the
largest share of disability-adjusted life years among non-
communicable diseases'. Although the associations between several
well-established modifiable risk factors—such as elevated blood pres-
sure, dyslipidemia, obesity, smoking, and diabetes—and CHD have
been well documented, the decline in age-standardized CHD incidence
has plateaued in recent years* . Alarmingly, the CHD burden is now
increasing among younger adults (aged 20-54 years), highlighting the
urgent need for more effective preventive strategies targeting mod-
ifiable risk factors in this demographic"* 5.

As the range of exposures linked to cardiovascular outcomes
continues to expand’, traditional hypothesis-driven studies, while
informative, are limited by their constrained focus, susceptibility to

inflated effect sizes and type | errors, and potential for selective
reporting'®". The exposure-wide association study (EWAS) provides a
hypothesis-free framework to systematically evaluate numerous
modifiable risk factors simultaneously”. By capturing the combined
effects across multiple domains, EWAS can reduce bias, validate known
associations, and identify novel risk factors with greater
precision'®”™8, This approach has been successfully applied to studies
of depression'®, dementia®, diabetes', and CVD*". Notably, the use of
composite risk scores within the EWAS framework enables the quan-
tification of cumulative exposure burden, allowing for a more accurate
estimation of their contribution to CHD risk.

Observed associations between modifiable factors and CHD may
arise from non-causal mechanisms, including residual confounding
and reverse causation’. Integrating Mendelian randomization (MR)
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into the EWAS framework can strengthen causal inference and help
prioritize factors for intervention”. Both genetic and environmental
factors contribute to the risk of early-onset CHD?, and prior studies
have demonstrated interactions between lifestyle, local environment,
and genetic predisposition”?2. However, little is known about how
modifiable factors from other domains interact with genetic risk.
Assessing interactions on an additive scale may help identify indivi-
duals who would benefit most from targeted risk factors
modification®.

For the first time, we conducted an EWAS of CHD using pheno-
typic and genomic data from nearly 400,000 participants in the UK
Biobank, with a particular focus on early-onset cases. We assessed the
joint effects of modifiable factors across eight domains by construct-
ing composite weighted scores and examined their additive interac-
tions with polygenic risk scores (PRS) for CHD events®. Finally, we
estimated domain-specific and overall population attributable frac-
tions (PAFs) to quantify the potential impact of preventive interven-
tions, especially among younger populations where early risk
modification may yield the most significant long-term benefits (Fig. 1).

Results

This study included 394,579 participants (56.1% females; Supplemen-
tary Data 4), with a mean (SD) age of 56.1 (8.1) years at recruitment.
After 13.9 (2.3) years of follow-up, 27,592 participants were diagnosed
with CHD, with a mean (SD) age of diagnosis at 68.4 (7.6) years. This
study identified 155 out of 213 modifiable factors associated with CHD

(Fig. 2 and Supplementary Data 5). These factors were categorized into
eight domains: socioeconomic status (SES, 7 factors), lifestyles (32
factors), early life factors (2 factors), psychosocial factors (7 factors),
local environment (8 factors), blood assays (37 factors), physical
measures (10 factors), and health and medical history (52 factors).
Among these, 33 factors were identified as protective factors, and 122
were identified as risk factors. According to the variable importance
rankings from the random forest model, the top 10 predictors were:
diabetes mellitus [hazard ratio (HR)=2.04, 95% confidence interval
(CI): 1.96, 2.13, p < 2.74 x 1025, Cystatin C (HR =118, 95% CI: 1.17, 1.19,
p <2.35x10™%), long-standing illness, disability or infirmity (HR=1.73,
95% CI:1.69, 1.78, p < 2.35 x 107°*), Overall health rating (HR =1.42, 95%
Cl: 1.36, 1.47, p=2.87 x10" for “good”, HR =2.37, 95% Cl: 2.27, 2.48,
p <2.35x107* for “fair,” HR = 4.01, 95% Cl: 3.79, 4.25, p < 2.35 x 10~ for
“poor”; all compared with excellent), systolic blood pressure (HR =
1.20, 95% CI: 1.18, 1.22, p =8.90 x 10™8), testosterone (HR = 0.84, 95%
Cl: 0.81, 0.88, p=8.43 x107%), glycated hemoglobin (HR =1.12, 95% CI
1112, 113, p<2.35x107%), leg fat percentage (HR =2.33, 95% CI: 2.23,
2.44, p=4.23 x107%), attendance/disability/mobility allowance (HR =
211, 95% CI: 2.03, 2.20, p=1.15%x10"%7), and HDL cholesterol (HR =
0.72, 95% Cl: 0.70, 0.73, p=2.30 x107%2),

Further analyses stratified by age, sex, genetic risk for CHD,
and follow-up duration revealed that >100 factors remained stably
associated with CHD in most subgroups, except for the group with
>10 years of follow-up, although the specific associations varied
across subgroups (Fig. 3, Supplementary Data 6 and Supplementary
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Fig. 1| Overview of the analytic design. Analytical procedure to identify modifiable risk factors associated with incident coronary heart disease in the UK Biobank. PRS
polygenic risk scores, RERI relative excess risk due to interaction, AP attributable proportion due to interaction, SI synergy index.
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Figs. 1-9). The number of modifiable factors associated with CHD
increased with age, yet the effects of most factors decreased.
Moreover, older populations showed greater sensitivity to local
environmental factors. Variable importance rankings from the
random forest model showed broadly consistent results across
subgroups, with factors in health and medical history, blood assays,
and physical measures consistently ranking high in importance,

while the importance of factors in other domains diminished
with age.

Inverse variance-weighted MR was employed as the primary ana-
lysis after removing outliers (Fig. 4, Supplementary Data 7, and Sup-
plementary Figs. 11-14), given the observed evidence of heterogeneity
(p<0.05 for the Q test) and horizontal pleiotropy (p <0.05 for the
Egger intercept). By the threshold of p<0.05, 68 factors showed
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Fig. 2 | Association between 213 modifiable factors and incident coronary heart
disease. A The x-axis represents the hazard ratio value, and the y-axis represents
statistical significance (that is, the 30th root of the p value). The dashed line
represents the threshold after multiple testing correction (Bonferroni correction, p
value <2.35 x107%%), The point size represents minimal depth, which was calculated
by simultaneously including 213 modifiable factors and covariates in a random
forest model with Cox proportional hazards regression to rank the importance of
the variables; smaller minimal depth indicates greater variable importance. A set of
the highest-risk factors was annotated. B The points represent hazard ratios, and
the horizontal lines represent the corresponding 95% confidence interval. The rank

indicates the importance of the variable in order of minimal depth. Hazard ratios
were calculated using Cox proportional hazards regression analysis, adjusted for
baseline age, sex, ethnic background, family history of cardiovascular disease, and
assessment center (N=394,579). Two-sided Z-tests were used to assess statistical
significance. ATHI average total household income before tax, HFD/SP hands-free
device/speakerphone use with mobile phone, VIT B9 Vitamin B9, HbAlc hemo-
globin Alc, HDL high-density lipoprotein, LDL low-density lipoprotein, IGF-1 Insu-
lin-like growth factor 1, MET metabolic equivalent of task, SHBG sex hormone-
binding globulin. Source data are provided as a Source data file (Supplemen-

tary Data 5).

associations with CHD. At a more stringent threshold of p <2.35x10™%,
31 factors demonstrated causal relationships with CHD, including 22
factors exhibiting positive associations and 9 with negative associa-
tions. These factors spanned six domains: blood assays (13 factors, e.g.,
triglycerides), early life factors (2 factors, e.g., comparative body size at
age 10), health and medical history (5 factors, e.g., self-reported
hypertension), lifestyle behaviors (3 factors, e.g., alcohol intake fre-
quency), physical measures (6 factors, e.g., waist circumference), and
SES (2 factors, e.g., educational attainment). Results from alternative
methodologies are presented in Supplementary Data 7.

Compared to favorable profiles (Table 1), both unfavorable early
life and psychosocial factors, as well as intermediate or unfavorable
profiles across SES, lifestyle, local environment, blood assays, physical
measurements, and health and medical history, were significantly
associated with higher CHD risk. A significant increasing trend in CHD
risk was observed across all eight domains (p for trend <0.001). Stra-
tified analysis by age (<50 years, 50-60 years, and >60 years) revealed
that the adverse effects of intermediate and unfavorable profiles
across SES, lifestyles, early life factors, psychosocial factors, blood
assays, as well as health and medical history diminished with increasing
age (Fig. 5 and Supplementary Data 8). Additionally, a multiplicative
interaction between age and the weighted score for health and medical
history demonstrated that the effect of having a moderate or unfa-
vorable health and medical history score on CHD risk gradually
diminished with increasing age (p for interaction <0.05, Supplemen-
tary Data 8).

Meanwhile, participants were divided into nine groups based on
tertiles of PRS and weighted scores for each domain, respectively. As
shown in Fig. 6, Supplementary Data 9 and Supplementary Figs. 15-17,
individuals with the highest genetic risk scores and unfavorable
weighted scores had substantially increased CHD risks compared with
those with the lowest genetic risk scores and favorable weighted
scores: 134% higher for SES, 157% for lifestyles, 94% for early life factors,
97% for psychosocial factors, 96% for local environment, 192% for
blood assays, 162% for physical measures, and 240% for health and
medical history. Statistically significant interactions were observed
between weighted scores for lifestyles, blood assays, and health and
medical history with PRS, which diminished with age (Supplementary
Data 10).

When shifting all unfavorable profiles to intermediate and favor-
able ones (Model 1), PAF estimation suggested that 39.66% of CHD
cases could be prevented (Table 2), increasing to 61.89% when shifting
all factors to the favorable tertile. In the conservative assessment
(Model 1), the estimated maximum preventive effect was attributed to
health and medical history, resulting in an 11.37% reduction in CHD
incidence. The contributions of remaining domains were described as
follows: blood assays (9.54%), lifestyles (5.97%), physical measures
(5.70%), SES (3.70%), psychosocial factors (2.06%), early life factors
(0.99%), and local environment (0.33%). In the context of a feasible
implementation of comprehensive elimination of these factors, health
and medical history would still account for the highest proportion of
prevented CHD cases (15.75%), followed by blood assays (13.87%) and
lifestyles (10.01%). Notably, implementing preventive measures in
younger populations (under the age of 50), including blood indicator

monitoring, healthy lifestyles, and disease prevention, could yield
substantial benefits, potentially preventing 49.34-70.81% of CHD cases
(Supplementary Data 11-13). Two sensitivity analyses were conducted,
calculating PAFs by including only factors significantly associated with
CHD (p <0.05), and further adjusting for PRS when estimating PAFs.
Both approaches yielded results consistent with the main findings
(Supplementary Data 14 and 15). Additionally, considering the poten-
tial temporal ordering among different domains, PAFs were also cal-
culated using models without mutual adjustment between domains,
suggesting the possibility of potential prevention of an even larger
proportion (59.77-77.65%) of CHD cases (Supplementary Data 16).

Discussion

Despite substantial progress in CHD prevention in recent decades, the
overall decline in CHD burden has plateaued, accompanied by a con-
cerning rise in incidence among younger populations"*. Here, we
systematically investigated 155 modifiable risk factors across eight
domains. In addition to well-established factors such as obesity, sys-
tolic blood pressure, non-high-density lipoprotein cholesterol, smok-
ing, and diabetes, several additional contributors, including
socioeconomic indicators (e.g., income, disability benefits), infections,
and sex hormones, were also identified®*">". Our findings demonstrate
that addressing a broader range of risk factors beyond traditional
biomedical targets is essential for reducing health disparities and
preventing early-onset CHD effectively.

A wide range of modifiable factors was associated with CHD risk
across multiple domains. Health and medical history contributed the
most to CHD incidence (PAF: 11.37-15.75%), particularly endocrine and
metabolic disorders such as diabetes, obesity, and thyroid disease?® %,
Other disease categories, including genitourinary, neurological, and
psychiatric conditions, were also strongly linked to CHD, potentially
through mechanisms such as metabolic dysregulation, vascular dys-
function, and autonomic imbalance”™. Lifestyle factors—such as
smoking, physical inactivity, poor sleep, and unhealthy dietary pat-
terns—were associated with a 5.97-10.01% reduction in CHD risk when
improved®*®, Additionally, biomarkers (e.g., cystatin C, testosterone),
physical function (e.g., lung function, grip strength), and environ-
mental exposures (e.g., air pollution) were essential contributors, likely
operating through inflammatory, oxidative stress, and cardiometa-
bolic pathways***. SES, psychosocial factors, and early-life exposures
together accounted for 6.75-11.05% of the preventable CHD burden.
These upstream determinants influence health behaviors, healthcare
access, and biological vulnerability throughout the life course®,

We also incorporated MR within the framework of EWAS. How-
ever, MR identified only 31 variables that were causally associated with
CHD, in contrast to the larger number of associations observed in
EWAS. Several factors may explain this discrepancy. First, some
instrumental variables lacked sufficient strength, which may have
limited causal inference and made it difficult to rule out reverse
causation®. Second, MR estimates can indicate the lifelong impact of
genetic variation on disease, while longitudinal studies cover shorter
timeframes, potentially leading to underestimation of results™. Third,
due to the lack of suitable genetic instruments, several exposures, such
as natural environment percentage, water percentage, and magnesium
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Fig. 3 | Summary heat map for significant factors in EWAS analysis across the
subgroups. Models were estimated using Cox proportional hazards regression,

adjusted for baseline age, sex, ethnic background, family history of cardiovascular
disease, and assessment center (N =394,579). Two-sided Z-tests were used to assess
statistical significance. The color of cells indicates the effect sizes between each risk
factor and incident coronary heart disease. Asterisks in cells represent significant

associations after correction for multiple testing (Bonferroni-corrected,

p<2.35x107). ATHI average total household income before tax, HFD/SP hands-
free device/speakerphone use with mobile phone, VIT B9 Vitamin B9, HbAlc
hemoglobin Alc, HDL high-density lipoprotein, LDL low-density lipoprotein, IGF-1
Insulin-like growth factor 1, MET metabolic equivalent of task, SHBG sex hormone-
binding globulin. Source data are provided as a Source data file (Supplemen-

tary Data 6).
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Fig. 4 | Mendelian randomization estimates of factors in relation to coronary
heart disease risk. Causal estimates were generated using the inverse variance-
weighted method after removing outliers. The dashed line represents the threshold
after multiple testing correction (Bonferroni correction, p value <2.35x107%).

Two-sided statistical tests were performed. Dots represent In (odds ratios). A set of
the highest-risk factors was annotated. Source data are provided as a Source data
file (Supplementary Data 7).

concentration, could not be robustly assessed within the MR frame-
work. Because suitable instrumental variables for certain exposures
were unavailable in the UKB, the present study utilized exposure
genome-wide association studies (GWAS) data from the FinnGen
consortium as an alternative. Potential bias arising from sample over-
lap between the exposure GWAS and the outcome dataset should be
considered when interpreting corresponding results*’. Our further
examination of the interaction between genetic and modifiable factors
revealed an additive interaction between the PRS for CHD and the
weighted scores of the eight domains, with lifestyle, blood assays, as
well as health and medical history being the most predominant ones.
This addresses a limitation of previous studies, which have primarily
focused on the interaction between lifestyles*, local environment*,
and genetic risk. Notably, there was a gradual reduction in the effect
size of this interaction with age, which may be related to survival bias,
as individuals with high genetic risk and unfavorable lifestyles may be
more susceptible to both CVD and premature mortality*.

In this study, we found that the strength of association between
multiple modifiable factors and CHD varied significantly with age,
showing an overall decreasing trend as age increased. This observation
is biologically plausible and aligns with findings from prior studies*.
Our analysis further extended and quantified this phenomenon from
multiple perspectives. First, using an EWAS framework, we system-
atically compared the exposure profiles and their explanatory power
for CHD risk across different age groups. Although older individuals
were exposed to more complex and diverse risk factors, the inde-
pendent explanatory effects of each domain appeared to be atte-
nuated. Second, age-specific comparisons of PAFs revealed distinct
priorities for preventive interventions across the lifespan. In younger
populations, lifestyle factors emerged as one of the main contributors
to CHD risk, underscoring substantial opportunities for lifestyle-based
prevention strategies. Conversely, among older adults, the contribu-
tion of lifestyle diminished, shifting the emphasis towards integrated
management of chronic diseases, particularly within the context of
multimorbidity, and the preservation of functional capacity. Further-
more, we observed that the additive interaction between genetic sus-
ceptibility and environmental exposures was more pronounced in

younger individuals, suggesting that gene-environment synergy in
early life may play a more substantial role in CHD development™*,
Taken together, our findings highlight the considerable heterogeneity
in CHD risk profiles across different age groups, underscoring the
importance of developing age-specific, stratified prevention strategies
from a life course perspective. For individuals with high genetic risk,
targeted interventions should focus on the accumulation of modifiable
risk factors. Our study not only quantified the PAFs for each domain
and overall modifiable burden, but also ranked individual factors by
their importance. These results suggest that effective prevention
should prioritize key factors within the most influential domains to
achieve precision and efficiency in reducing the burden of CHD,
especially in efforts to curb the rising trend of early-onset CHD among
younger and middle-aged populations.

Using a data-driven EWAS framework and large-scale data from
nearly 400,000 participants, this study systematically integrated
environmental, behavioral, phenotypic, and genetic risk factors. It
comprehensively evaluated the PAFs of modifiable risk factors,
explored their additive interactions with PRS, and examined age-
related trends in these interactions. These findings provide valuable
insights into the multifactorial pathogenesis of CHD and offer practical
guidance for developing age-specific precision prevention strategies.
However, several limitations should be acknowledged. First, the gen-
eralizability of our findings is limited by volunteer bias and the age
range of UK Biobank participants (40-69 years), highlighting the need
to study younger populations. Second, although most modifiable
factors were objectively measured or derived from validated tools,
some domains (e.g., early life factors) were sparsely represented,
which may underestimate their contribution. Third, the use of Bon-
ferroni correction, while conservative, may have masked true asso-
ciations. Residual confounding may also remain despite adjustments
for collinearity and domain-specific factors. Fourth, this study did not
systematically assess the impact of interactions between modifiable
factors or gene-environment interactions on the estimated attribu-
table risks. Multimorbidity was only partially reflected within the
“health and medical history” domain, without detailed analysis of
specific disease combinations or their synergistic effects. Fifth, the PAF
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Table 1| Risk of incident coronary heart disease according to the categories of the eight domains

Domains n/N HR p value p for trend
Socioeconomic status
Favorable 6905/136,714 1.00 (Reference)
Intermediate 9399/140,380 1.06 (1.03, 1.09) 3.57x107° 1.04x10%
Unfavorable 11,288/117,485 1.21 (117, 1.26) 1.52x1072°
Lifestyles
Favorable 6828/131,527 1.00 (Reference)
Intermediate 8717/131,526 1.11 (1.07, 1.15) 2.35x10™ 1.80x1072
Unfavorable 12,047/131,526 1.33(1.29, 1.37) 6.93x107%
Early life factors
Favorable 9013/132,366 1.00 (Reference)
Intermediate 9267/132,742 1.00 (0.97, 1.03) 9.96x10™" 6.61x10°
Unfavorable 9312 /129,471 1.04 (1.01,1.07) 1.05x107°2
Psychosocial factors
Favorable 7701/131,538 1.00 (Reference)
Intermediate 9056/131,668 0.98 (0.95, 1.01) 1.25%10 5.47x107™°¢
Unfavorable 10,835/131,373 1.06 (1.03, 1.10) 8.43x107%®
Local environment
Favorable 8899/132,918 1.00 (Reference)
Intermediate 9515/130,137 1.05 (1.01, 1.08) 3.58 %107 1.66 x1072
Unfavorable 9178/131,524 1.04 (1.00, 1.07) 2.96x10™2
Blood assays
Favorable 5010/131,527 1.00 (Reference)
Intermediate 8213/131,526 1.20 (1.16, 1.25) 2.68x102 1.53x1072%
Unfavorable 14,369/131,526 1.65 (1.59, 1.70) 2.41x10™7
Physical measures
Favorable 7210/131,527 1.00 (Reference)
Intermediate 8686/132,932 1.1 (1.07,1.14) 1.81x107°° 4.89x1072
Unfavorable 11,696/130,120 1.34 (1.29, 1.39) 1.81x1078
Health and medical history
Favorable 5512/131,836 1.00 (Reference)
Intermediate 7858/131,217 1.24 (1.20, 1.28) 6.89x107% 1.03x107%7
Unfavorable 14,222/131,526 1.78 (1.72,1.84) 7.78 x107%¢

The favorable profile was set as a reference in each domain. The associations were estimated using a Cox proportional hazards regression model that included all eight domains, mutually adjusted,
and with adjustments for baseline age, sex, ethnic background, family history of cardiovascular disease, and assessment center. Two-sided statistical tests were used.

N number of individuals at risk, n number of CHD cases.

may overestimate the reduction in risk when multiple overlapping
factors are considered. Therefore, we applied conservative models and
weighting procedures, as well as multiple sensitivity analyses, to
reduce potential bias. However, the estimates should still be inter-
preted with caution. Finally, as PAFs are population-specific, our esti-
mates may not generalize to other countries or ethnic groups,
although many UKB-based risk estimates align with those from more
representative cohorts***’. Therefore, further validation in diverse
populations is needed to ensure the effectiveness and appropriateness
of prevention strategies.

In summary, our comprehensive analysis demonstrates that
increased risk of CHD is associated with SES, lifestyles, early life fac-
tors, psychosocial factors, local environment, blood assays, physical
measures, as well as health and medical history. Genetic risk amplifies
the association between modifiable factors and CHD, particularly
among younger populations. Importantly, approximately 40%-62% of
CHD cases may be preventable through modification of identified risk
factors. The proportion of CHD cases attributable to modifiable factors
declines with age, from 70.81% in individuals under 50 years to 60.20%
in those aged 60 years and older. These findings underscore the need
to integrate a more comprehensive range of modifiable factors into
public health strategies to reduce the incidence of CHD, particularly by

mitigating the accumulation of modifiable factors during early life
stages. A comprehensive approach may substantially reduce the
overall CHD burden and help reverse the rising trend of early-
onset CHD.

Method

Study design

We employed Cox proportional hazards regression models in an EWAS
framework to examine the association between 213 modifiable factors
and CHD. Two-sample MR analysis was then conducted for each of the
213 factors to identify causal relationships between modifiable factors
and CHD. Subsequently, weighted standardized scores were con-
structed to assess the combined effect of risk factors within each
domain, with an exploration of variations across different age groups
(<50, 50-60, and =60 years). Additionally, we assessed additive
interactions between weighted standardized scores and genetic risk
on CHD. Finally, we estimated PAFs and weighted PAFs for each
domain.

Study population and CHD diagnosis
We drew our study population from the UKB study, acquiring base-
line data on 502,164 participants between 2006 and 2010 who were
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<50 years 50-60 years 60 years

Domains n/N HR (95% CI) _pvalue n/N HR (95% CI) _p-value n/N HR (95% CI) _p—value
Socioeconomic status A ] A

Favourable 995/43073 4 1.00 (Reference) — 3042/61550 1.00 (Reference) — 2868 /32091 i 1.00 (Reference) —

Intermediate 969/31916 e 108 (0.98, 1.18) 1.05x10! 3123/53370  jret 107 (101, 1.12) 1.54x10 5307/55094 e 1.03 (0.98, 1.08) 2.02x10"

Unfavorable 1039/23132 | 121(1.10, 1.34) 134x10 3336/39139 | e 1.27(1.20, 1.34) 3.97x107 6913/55214 | e 117 (111, 1.22) 2.51x10°
Lifestyles : : :

Favourable 508/30973 ¢ 100 (Reference) — 2153/49747 ¢ 1.00 (Reference) — 4167/50807 ¢ 100 (Reference) —

Intermediate 815/31192 | 127 (113, 1.42) 4.07x10°% 2853 /51464 e 1.10 (1.04, 1.16) 1.60x10°% 5049 /48870 | 111 (1.06, 1.15) 2.88x10%

Unfavorable 1680/ 35956 —— 1.64 (147, 1.83) 6.64x101° 4495 / 52848 - 136 (1.28, 1.4) 4.52x10% 5872/42722 | = 127 (1.21,1.32) 5.82x10%
Early life factors i

Favourable 829/30325 1.00 (Reference) — 2780/ 48854 1.00 (Reference) — 5404 /53187 ¢ 100 (Reference) —

Intermediate 903/ 33400 092 (0.84, 1.01) 8.26x10° 3049/50111 1.01 (0.96, 1.06) 7.25%101 5315/49231 101 (0.98, 1.05) 5.02x101

Unfavorable 1271/ 34396 1.10 (100, 1.20) 4.50x10¢ 3672 /55094 1,03 (0.98, 1.08) 2.86x10! 4369 /39981 103 (0.99, 1.07) 1.59x10
Psychosocial factors ;

Favourable 665 /30901 100 (Reference) — 2359/ 48809 100 (Reference) — 4677/51828 | 100 (Reference) —

Intermediate 801/29702 1.00 (0.90, 1.11) 9.35x10! 2963 /51292 0.97 (0.91, 1.02) 2.26x10°"! 5292/50674 - 098 (0.94, 1.02) 3.34x10

Unfavorable 1537/37518 111 (1.01, 1.23) 2.80x10 417953958 1,05 (0.99, 1.11) 7.68x10 5119739897 ! 1.06 (101, 1.10) 8.32x10
Local environment i

Favourable 808 /28701 1.00 (Reference) — 2862 /51797 1.00 (Reference) — 5229/52420 100 (Reference) —

Intermediate 1059 /32297 1,03 (0.94, 1.13) 5.68x10 3320/50920 1.07(1.02, 1.13) 6.98x10-03  5136/46920 ! 103 (0.99, 1.07) 1.11x10

Unfavorable 1136 /37123 0.95 (0.86, 1.06) 3.70x10! 3319/51342 1.06 (100, 1.12) 431x10 4723 /43059 104 (1.00, 1.09) 6.35%10
Blood assays |

Favourable 653/43252 100 (Reference) — 1838 / 52145 100 (Reference) — 2519/36130 1 100 (Reference) —

Intermediate 858 /30049 1.34(1.21, 1.49) 2.58x10 2841/52263 1.22 (115, 1.29) 8.46x107" 4514/49214 | 115 (1.09, 1.20) 5.88x10%

Unfavorable 1492/ 24820 2.14(1.93,2.37) 6.10x10% 4822/ 49651 172 (1.62, 1.82) 1.04x10°7 8055 /57055 ! 150 (1.43, 1.57) 1.94x10°¢
Physical measures :

Favourable 1421/ 50027 1.00 (Reference) — 3034 /52973 100 (Reference) — 2755/28527 ¢ 100 (Reference) —

Intermediate 856 /30929 L11(1.01, 1.22) 232x10° 3056 / 54030 1.13 (1.08, 1.20) 2.69x10% 4774147973 107 (1.02, 1.12) 9.05%10%

Unfavorable 726/ 17165 126 (1.13,1.39) 2.15x10°% 3411/47056 1.33(1.25, 1.41) 11910 7559765899 | 133 (1.26, 1.40) 4.65%10°
Health and medical history ! ! !

Favourable 654/38543 4 1.00 (Reference) 2056 /52685 + 1.00 (Reference) 2802/ 40608 4 1.00 (Reference)

Intermediate 884/32547 | = 132 (119, 1.46) 2.11x10 2621/51005 | - LI8 (111, 1.25) 4.79x10% 4353/47665 | e 125 (1.19, 1.31) 8.63x10

Unfavorable 1465 /27031 —— 191 (172, 2.11) 530x10° 4824/50369 = 174(1.64,1.84) 6.61x107 7933 /54126 e 177(1.69, 1.85) 7.70x10°
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Fig. 5 | Risk of incident coronary heart disease according to categories of eight
domains within each age group. The favorable profile was set as a reference in
each domain. The associations were estimated using a Cox proportional hazards
regression model that included all eight domains, mutually adjusted, and with
adjustments for baseline age, sex, ethnic background, family history of

cardiovascular disease, and assessment center. The points represent hazard ratios
(HR), and the horizontal lines represent the corresponding 95% confidence interval
(CI). Two-sided statistical tests were used. N number of individuals at risk, n number
of CHD cases. Source data are provided as a Source data file (Supplemen-

tary Data 8).

Socioeconomic status Lifestyles

Early life factors Psychosocial factors

Modifiable factor Genetic risk n/N HR (95% CI) n/N HR (95% CI) n/N HR (95% CI) HR (95% CI)
Favourable Lower 1570 / 46907+ 1.00 (Reference) 1567 / 45290¢ 1.00 (Reference) 2159 /44795 ¢ 1.00 (Reference) 1.00 (Reference)
Favourable Intermediate 2284 /456451 = 1.50 (1.41, 1.60)  2232/44175! = 147 (137, 1.56)  2905/43944 ! = 137 (1.29, 1.44) o 1.38 (1.30, 1.46)
Favourable Higher 3051/44162; 2.09(1.96,2.22) 3029 /42062: 2.13(2.00,2.27)  3949/43627 1.90 (1.80, 2.00) : 1.93 (1.83, 2.05)
Intermediate Lower 2263 /46549 1.16 (1.09, 1.24) 2120/ 44186: 1.21(1.14,1.30) 2262 /44859 1.03(0.97,1.09) 2203 /43906 1.02 (0.96, 1.09)
Intermediate Intermediate 2984 / 46877 1.52(1.43,1.61) 2813/43761: 1.63 (1.53,1.74) 3073 /44308 ! 1.40 (1.32,1.48)  2913/44152: 1.33 (1.26, 1.41)
Intermediate Higher 4152/ 46954 2.16(2.03,229)  3784/43579; 224(2.11,238)  3932/43575 1.84(1.75,1.94)  3940/43610 | 1.86 (1.76, 1.96)
Unfavorable Lower 2758 /380711 138 (1.30, 1.47) 2904 /42051 1.52(1.43,1.62) 2170/ 41873 | 1.05(0.99, 1.12) 2560 /43093 | 1.10(1.03, 1.17)
Unfavorable Intermediate 3711 /39004 [l 1.82(1.71,1.94)  3934/43590! Gl 1.99(1.87,2.11)  3001/43274;  += 1.42(1.35,1.51)  3593/43637 ; [l 1.52(1.44, 1.61)
Unfavorable Higher 4819 /40410 +12.34(2.20,2.48) 5209 /45885! ~12.57(2.43,2.73)  4141/44324 =i 1.94 (1.84,2.05) 4682 /44643 ! =+ 1.97 (1.87,2.09)

[ S — I — T T T T

1 15 2 115225 1 15 2 1 15 2

Local environment Blood assays Physical measures Health and medical history

Modifiable factor Genetic risk n/N HR (95% CI) n/N HR (95% CI) n/N HR (95% CI) n/N HR (95% CI)
Favourable Lower 2085 /447593 1.00 (Reference) 1301 /46981+# 1.00 (Reference) 1630 /45938 1.00 (Reference) 1293 /46261+% 1.00 (Reference)
Favourable Intermediate 2919 /44148: 1= 1.43 (1.36,1.52) 1646 /43759 = 137 (1.27,1.47)  2386/44038! = 1.53(1.44,1.63)  1759/43964: = 1.44 (1.34, 1.55)
Favourable Higher 3895/44011; 1.93 (1.83,2.03) 2063 /40787; 1.87(1.75,2.01)  3194/41551; 2.20(2.07,2.33)  2460/41611; 2.19(2.05,2.35)
Intermediate Lower 2311/42763: 1.12(1.05,1.19) 1979/ 44290: 1.16 (1.08,1.25) 2139/ 44686 125(1.17,1.33)  1856/43681: 1.32(1.23, 1.42)
Intermediate Intermediate 3026 /43733 1.43(1.35,1.51)  2638/44024: 1.60 (1.49, 1.71)  2787/44178: 1.65(1.55,1.76) 2513 /43888: 1.79 (1.68, 1.92)
Intermediate Higher 4178 /43641 2.01(1.91,2.12)  3596/43212; 2.30(2.16,2.45) 3760 /44068 2.29(2.16,2.43)  3489/43648; 2.56 (2.40,2.74)
Unfavorable Lower 2195 / 44005 | 1.09 (1.02, 1.16) 3311 /40256 1.66 (1.56,1.77) 2822/ 40903 1.59 (1.49,1.69) 3442/ 41585! 2.04(1.91,2.18)
Unfavorable Intermediate 3034 /43645 Ll 1.49 (1.40, 1.58) 4695 /43743! Ll 2.23(2.10,2.38) 3806/ 43310! Ll 2.03(1.91,2.16)  4707/43674! e 2.70 (2.53, 2.88)
Unfavorable Higher 3949 /43874 = 1.96(1.85,2.07) 6363 /47527, =-2.92(2.75,3.10) 5068 /45907 2,62 (2.47,2.78) 6073 /46267, = 3.40 (3.20, 3.62)

1 1.5 2 1 2253 1 2 2 3

Fig. 6 | Risk of incident coronary heart disease according to categories of eight
domains within each genetic risk category. Participants were categorized into
nine groups based on the tertiles of the PRS, combined with domain-weighted
scores. Hazard ratios were generated using a Cox model that included all eight
domains, mutually adjusted, and with adjustments for baseline age, sex, ethnic
background, family history of cardiovascular disease, and assessment center. The

points represent hazard ratios (HR), and the horizontal lines represent the corre-
sponding 95% confidence interval (Cl). Two-sided statistical tests were used. The
additive interaction results of the PRS and the weighted scores for each domain are
available in Supplementary Data 9 and 10. N number of individuals at risk, n number
of CHD cases. Source data are provided as a Source data file.

followed up until the earliest occurrence of a first diagnosis of CHD,
death, loss to follow-up, or the last available information (up to 1
September 2023). CHD was identified using relevant International
Classification of Diseases codes (120, 121, 122, 123, 124, and 125) from
the Health Outcomes dataset in UKB, comprising primary care cases,
hospital records, death registrations, and algorithmically defined
outcomes. We excluded participants with pre-existing CHD or stroke
at baseline, those with >15% missing data regarding the included
variables, and individuals with missing outcomes or covariates.
Finally, 394,579 participants (aged 40-69 years at recruitment,
including both men and women) who provided informed consent
were included in the present study; participation in the UK Biobank is
entirely voluntary and without financial compensation. The North
West Multi-center Research Ethics Committee approved this study.

The analysis was conducted under UKB application number 199688.
We followed the Strengthening the Reporting of Observational Stu-
dies in Epidemiology (STROBE) reporting guideline for cohort
studies.

Modifiable factors

After excluding variables with >20% missing data and those classified
as unmodifiable (https://ukbiobank.dnanexus.com/panx/projects),
213 modifiable factors, either measured or derived at baseline, were
included for subsequent analysis. These factors spanned eight
domains, involving SES (e.g., household income and accommodation
type), lifestyle (e.g., physical activity), early life factors (e.g., breast-
feeding), psychosocial factors (e.g., neuroticism score), local envir-
onment (e.g., distance to major roads), blood assays (e.g., platelet
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Table 2 | Weighted and unweighted PAFs for eight domains

Domains Model 1 Model 2
Unweighted PAF (%) Communality Weighted PAF (%) Unweighted PAF (%) Communality Weighted PAF (%)

Socioeconomic status 6.09 0.18 3.70 11.69 0.19 6.15
Lifestyles 9.84 0.24 5.97 19.02 0.24 10.01
Early life factors 1.64 0.07 0.99 3.39 0.25 1.79
Psychosocial factors 3.40 0.31 2.06 5.90 0.27 3n
Local environment 0.54 0.28 0.33 4.80 0.20 2.52
Blood assays 15.72 0.27 9.54 26.35 0.20 13.87
Physical measures 9.39 0.1 5.70 16.53 0.42 8.70
Health and medical history  18.74 0.23 1.37 29.93 0.23 15.75
Overall PAF

All participants 39.66 61.89

<50 years 49.34 70.81

50-60 years 42.27 64.10

>60 years 38.92 60.20

Weighted PAFs were calculated after considering the overlap between risk factors.

In Model 1, individuals in the unfavorable group (representing the highest-risk tertile) were shifted to either the intermediate or favorable group, corresponding to the elimination of approximately

one-third of the most adverse risk profiles.

In Model 2, all individuals were shifted to the favorable group (representing the lowest-risk tertile), corresponding to the elimination of two-thirds of modifiable risk factors.

count), physical measurements (e.g., blood pressure), and medical
history (e.g., overall health rating). Data cleaning and processing for
these variables are detailed in Supplementary Methods and Supple-
mentary Data 1-3. We employed multiple imputation using chained
equations, generating five imputed datasets over ten iterations. For
each variable, an imputation method was automatically assigned
according to its data type, incorporating the 10 most relevant pre-
dictors, with age and sex included by default*.

PRS of CHD

A subset of 337,151 individuals from the UKB, known as the White
British Unrelated (WBU) group, was created by Bycroft et al.*’ to
include individuals of British European ancestry while excluding clo-
sely related participants. This WBU subset, referred to as the “training
subset,” was used to generate summary statistics from GWAS and,
subsequently, meta-analyzed with external GWAS datasets to develop
the Enhanced PRS set. Further details can be found in a previous
publication®. Using this approach, the PRS for CHD was derived for
over 480,000 individuals in the UKB (field ID: 26227).

Statistical analyses

We performed the EWAS using Cox proportional hazard regression
models to test the association between each of the 213 baseline
exposures and newly diagnosed CHD, using Bonferroni-corrected
significance thresholds (0.05 divided by 213 tests, resulting in
2.35x107*). We made further adjustments for age, sex, ethnic back-
ground, family history of CVD, and assessment center. An interaction
term with the time of follow-up was added in case of violated pro-
portional hazards assumption (p < 0.0001 via a test using Schoen-
feld’s residuals)”. We conducted stratified analyses based on the
baseline age, sex, PRS, and time of follow-up, identifying significance
by the Bonferroni correction method. We employed random forest
models combined with Cox proportional hazards regression to rank
the importance of 213 modifiable variables by calculating minimal
depth—a measure of the depth at which a variable splits—to prioritize
modifiable factors that may serve as effective targets for
intervention®”,

To explore the causal relationship between modifiable factors
and CHD, we incorporated a two-sample MR into the EWAS analytical
framework. We utilized GWAS data for CHD (phenocode: 19_IHD)
from the FinnGen database, including 75,592 cases and 378,141

controls. We prioritized GWAS data from the FinnGen database,
where medical history-related factors were available. For the
remaining variables, data from the MRC IEU OpenGWAS database
(https://gwas.mrcieu.ac.uk/) were sourced to access publicly avail-
able UKB-based summary statistics. Supplementary Data 1-3 sum-
marizes the GWAS IDs for each variable in detail. We identified
significant single-nucleotide polymorphisms (SNPs) for instrument
variables (p <5 x107). For traits with <3 SNPs after outlier removal,
we either relaxed the threshold (p<5x107%) or excluded the trait.
Inverse variance weighting was chosen as the primary method, with
outliers removed. Subsequently, potential heterogeneity and hor-
izontal pleiotropy were assessed using Cochran’s Q test, MR Egger
intercept, and MR-PRESSO global test. Moreover, other methods for
MR, such as weighted median and MR Egger regression, were applied
to ensure robust conclusions.

Following previous methodology”, weighted standardized
scores for each domain were also calculated by reversing the cod-
ing for protective factors (HR <1) identified in the EWAS, normal-
izing continuous variables, and dummy-coding categorical
variables. The weighted standardized scores were determined
based on adjustments for variables within the same domain using
Cox proportional hazards regression models, accounting for age,
sex, ethnic background, family history of CVD, and assessment
center. These scores were obtained by multiplying the raw value of
each variable by its corresponding S coefficient and dividing by the
total sum of B coefficients. Higher weighted scores indicated
greater exposure to risk factors. According to these scores, three
tertiles were established, including unfavorable (higher risk),
moderate, and favorable (lower risk). Then, the Cox proportional
hazards regression model was also used to assess the association
between domain-specific weighted scores and CHD risk, with cov-
ariate adjustment as described above. Subsequently, we conducted
stratified analysis by age (<50, 50-60, and 260 years) to explore the
age-related heterogeneity in the relationship between domain-
specific scores and CHD. To construct the CHD genetic risk score,
we classified participants into nine groups based on tertiles of the
PRS combined with the domain-weighted scores. We also examined
CHD risk across different combinations of genetic risk and mod-
ifiable factors using a Cox proportional hazards regression model,
with the group having low genetic risk and a favorable weighted
score as the reference. Additionally, we assessed the additive
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interaction effect between genetic risk and weighted scores across
eight domains of CHD risk.

Finally, the PAF was calculated for each domain, representing
the proportion of reduction in specific disease risk that would result
from replacing a given risk factor with a more favorable profile. We
employed two models: Model 1 eliminated the most adverse one-
third of modifiable factors by integrating intermediate and unfa-
vorable profiles across the eight domains to produce a more con-
servative outcome; Model 2 eliminated modifiable factors by 2/3 to
estimate the proportion of coronary events that could be reduced,
indicating a more complete elimination of unfavorable factors. The
PAFs for each domain were calculated using the “graphPAF” pack-
age, employing a Cox proportional hazards regression model with
adjustments for sex, age, assessment center, ethnic background,
and family history of CVD*. To account for correlations among the
eight domains, the common factor variance was calculated through
principal component analysis to estimate the weights of each PAF.
These weights were then used to calculate both the combination-
weighted and individual-weighted PAFs, accounting for the coex-
istence of risk factors within individuals, which resulted in
reduced overestimation of PAFs caused by factor interactions>.
Additionally, we conducted three sensitivity analyses to assess the
robustness of the PAF estimates as follows: (1) analysis restricted to
factors associated significantly with CHD (p < 0.05); (2) additional
adjustment for the PRS; and (3) omitting mutual adjustment
between domains.

All P values were two-sided, and analyses were conducted using R
v4.3.2 (R Core Team, 2023).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data used in the present study are available from UKB with
restrictions applied. Data were used under license and are therefore
not publicly available. Access can be obtained by applying to the UK
Biobank through the standard protocol (https://www.ukbiobank.ac.
uk/register-apply/). The processed data generated in this study are
available in the Supplementary Information and the Source data file.
Publicly available GWAS summary statistics for risk factors can be
obtained from the MRC IEU OpenGWAS database (https://gwas.
mrcieu.ac.uk/). Summary statistics for CHD and other diseases (e.g.,
diabetes mellitus and obesity) are available from the FinnGen con-
sortium (https://www.finngen.fi/en/access_results). Source data are
provided with this paper.

Code availability
Scripts used to perform the analyses are available at https://github.
com/gjh0828/UKB_CHD_EWAS.git.
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