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ABSTRACT
Background Both genetic and lifestyle factors contribute 
to myocardial infarction (MI) and stroke, including 
ischaemic stroke (IS) and intracerebral haemorrhage 
(ICH). We explored how and the extent to which a healthy 
lifestyle, by considering a comprehensive list, could 
counteract the genetic risk of those diseases, respectively.
Methods 315 044 participants free of stroke and MI at 
baseline were identified from the UK Biobank. Genetic 
risk scores (GRS) for those diseases were constructed 
separately and categorised as low, intermediate and high 
by tertile. Lifestyle risk scores (LRS) were constructed 
separately using smoking, alcohol intake, physical activity, 
dietary patterns and sleep patterns. Similarly, participants 
were categorised into low, intermediate and high LRS. The 
data were analysed using Cox proportional hazard models.
Results Over a median follow- up of 12.8 years, 4642, 
1046 and 9485 participants developed IS, ICH and MI, 
respectively. Compared with participants with low levels 
of GRS and LRS, the HRs of those with high levels of GRS 
and LRS were 3.45 (95% CI 2.71 to 4.41), 2.32 (95% CI 
1.40 to 3.85) and 4.89 (95% CI 4.16 to 5.75) for IS, ICH 
and MI, respectively. Moreover, among participants with 
high GRS, the standardised 14- year rates of IS events were 
4.40% (95% CI 3.45% to 5.36%) among those with high 
LRS. In contrast, it is only 1.78% (95% CI 1.63% to 1.94%) 
among those with low LRS. Similarly for MI, the high LRS 
group had standardised rates of 8.60% (95% CI 7.38% to 
9.81%), compared with 3.34% (95% CI 3.12% to 3.56%) 
in low LRS. Among the high genetic risk group of ICH, the 
rate is reduced by about half compared low LRS to high 
LRS, although the rate was low for both (0.36% (95% CI 
0.31% to 0.42%) and 0.71% (95% CI 0.36% to 1.05%), 
respectively).
Conclusion Healthy lifestyles were substantially 
associated with a reduction in the risk of IS, ICH and MI 
and attenuated the genetic risk of IS, ICH and MI by at least 
half, respectively.

INTRODUCTION
Myocardial infarction (MI) and stroke, 
including ischaemic stroke (IS) and intrac-
erebral haemorrhage (ICH), are the most 

common cardiovascular diseases (CVD) and 
are the leading causes of premature death, 
disability and rising healthcare costs world-
wide.1 2 Fortunately, accumulating evidence 
has shown that MI and stroke are prevent-
able.3 It is well documented that smoking, 
physical activity, diet and body mass index 
(BMI) are strongly associated with the risk of 

WHAT IS ALREADY KNOWN ON THIS TOPIC

 ⇒ Both genetic and lifestyle factors contribute to the 
development of the most common cardiovascular 
diseases, such as myocardial infarction (MI) and 
stroke, including ischaemic stroke (IS) and intrace-
rebral haemorrhage (ICH). However, previous studies 
have focused on limited sets of factors and cate-
gorised them in a traditional dichotomous manner 
with hypothesis- driven designs. The health benefits 
of other healthy lifestyles, individual characteristics 
and the likelihood of adherence remain overlooked 
or unknown. Additionally, previous studies have 
concentrated on all- cause stroke or coronary heart 
disease (including MI). However, the effects of genet-
ic variants and lifestyle may vary by aetiology, even 
though some genetic and vascular risk factors are 
shared among causal factors.

WHAT THIS STUDY ADDS

 ⇒ We aimed to explore how a healthy lifestyle could 
counteract the genetic risk of IS, ICH and MI, respec-
tively, by considering a comprehensive list of lifestyle 
risk factors.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ A healthy lifestyle, by considering a comprehensive 
list, is associated with a significantly reduced risk 
of stroke and MI, as well as an attenuated genetic 
risk of these diseases. This suggests that we need 
to focus on a broader level of healthy lifestyles and 
more particular disease subtypes, rather than just 
key lifestyle and disease macro- classifications.
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CVD.4–6 The American Heart Association has identified 
these four modifiable behaviours or factors as key meas-
ures to improve and maintain cardiovascular health.7 
Well- characterised large- scale datasets provide invaluable 
resources for investigating other risk factors for CVD, 
such as sleep8 and sedentary behaviours,9 which offer new 
ideas for its prevention.

It is well accepted that both genetic and behavioural 
factors contribute to the development of CVD.10–12 
Genome- wide association studies (GWAS) have identi-
fied genetic variants associated with different subtypes of 
stroke and MI, providing support for quantitative measure-
ment of disease susceptibility and risk stratification at 
the individual level.13 14 Recently, several studies have 
suggested that adherence to a healthy lifestyle (including 
not smoking, performing physical activity, maintaining a 
healthy diet and maintaining a normal weight) plays a key 
role in attenuating the genetic risk effects of CVD, hyper-
tension, diabetes, etc.15 However, previous studies have 
focused on limited sets of factors and categorised them 
in a traditional dichotomous manner with hypothesis- 
driven designs. The health benefits of other healthy life-
styles and individual characteristics remain overlooked or 
unknown. To increase the adoption of healthy lifestyles 
at the population level, we need to abandon the one- size- 
fits- all approach and consider a broader range of lifestyles 
and more detailed stratification. Additionally, previous 
studies have concentrated on all- cause stroke or coro-
nary heart disease. However, the effects of genetic vari-
ants and lifestyle may vary by aetiology, even though some 
genetic and vascular risk factors are shared among causal 
factors. Assessing the potential effects of different life-
styles and genetic variants on different disease subtypes 
allows a more objective understanding of the relationship 
between the two factors and the risk of IS, ICH and MI, 
as well as the extent to which a healthy lifestyle mitigates 
genetic risk.

In this study, we construct two composite weighted 
scores (the genetic risk score (GRS) and the lifestyle risk 
score (LRS)) for IS, ICH and MI separately. We had the 
following aims (1) to examine the association of these two 
composite scores, individually and in combination, with 
the incident events of IS, ICH and MI and (2) to inves-
tigate the extent to which a healthy lifestyle is associated 
with offsetting the genetic risk.

METHODS
Study participants
This study was embedded in the UK Biobank, a large- 
scale, population- based prospective study that recruited 
over 500 000 participants, aged 40–69 years, from 22 
assessment centres across the UK between 2006 and 
2010. It includes extensive phenotypic and genotypic 
details about the participants.16 For the present study, 
we excluded individuals who were identified as non- 
Caucasian (n=30 285) and with a history of stroke or 
MI based on self- report or medical records (n=17 201), 

leaving 453 452 for further analysis. Separate subsamples 
were constructed to examine the association of IS, ICH 
and MI with five integrated lifestyle categories, and partic-
ipants missing a value for a specific item were removed 
from the analysis of that item. Ultimately, participants 
with missing data on lifestyle (n=1 11 483) or unpassed 
genetic quality control (n=26 925) were excluded from 
the final analysis. The flowchart for sample selection is 
shown in figure 1.

Lifestyle factors
In our study, the lifestyles of each participant were assessed 
through five integrated categories based on evidence 
from previous studies. For factors in each lifestyle cate-
gory, the risk score ranged from 0 to 2 or from 0 to 3, 
depending on the exposure level and its health impact. 
The final risk level for each lifestyle category was classi-
fied as low, intermediate or high based on the total score. 
Details of each lifestyle category and their assessment can 
be found in online supplemental table S2, figure S1 and 
text S1.

Lifestyle risk score
The LRS was calculated as the sum of all five categories 
(low, intermediate and high risk in each category are 
denoted by 0, 1 and 2, respectively), ranging from 0 to 
10. A lower score indicated better adherence to an overall 
healthy lifestyle. Participants were categorised into three 
groups according to the LRS: low (0–3), intermediate 
(4–6) and high risk (7–10). To objectively estimate life-
style risk and avoid assigning subjective values to lifestyle 
components, we created separate weighted LRS for IS, 
ICH and MI, based on the beta coefficients for each life-
style factor in the Cox model with adjustments for other 
covariates. The beta coefficients for each lifestyle stratum 
were used to replace the original stratum scores and then 
summed. The weighted LRS were divided into low, inter-
mediate and high groups based on the distribution of the 
unweighted LRS (online supplemental figure S2).

Genetic risk score
We used PRSice- 2 software to generate GRS following 
an additive model for IS, ICH and MI separately.17 For 
each individual, we calculated quantitative aggregate risk 
scores, defined as the sum of the number of risk alleles 
present at each locus, weighted by the log of the OR for 
that locus estimated from the summary statistics data. The 
GRS was z- standardised for all individuals and then classi-
fied as low, moderate or high risk by tertile. Owing to the 
low incidence in ICH, we categorised these participants 
into low and high genetic risk, using median values of 
Polygenic Risk Score (PRS) as the cut- off to ensure statis-
tical power. Details on genotyping, imputation, quality 
control and calculation of GRS can be found in online 
supplemental text S2 and S3.

Assessment of outcomes
The outcome status of each participant was identi-
fied chiefly by linking to hospital admission data and 
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death registry records. We defined the incident diseases 
according to the International Classification of Diseases 
10th edition (ICD- 10) and self- reported codes (online 
supplemental table S3). The duration of follow- up was 
calculated as the time between the baseline date and the 
first diagnosis of disease outcome, death, loss to follow- up 
or the end of follow- up on 30 November 2021, whichever 
occurred first. For participants with both hospital diag-
noses and self- reported times, we took the earlier one as 
diagnosis time.

Statistical analyses
Incidence rates and 95% CIs per 100 000 person- years of 
outcomes in the study period were estimated by an exact 
Poisson test and stratified by genetic and lifestyle risk. 
Multivariable Cox regression models were used to estimate 
the association of each composite lifestyle category, LRS 
and GRS, individually and in combination, with outcomes. 
HRs with 95% CIs were used to quantify the effect esti-
mates. For the model excluding GRS, the following were 
used as covariates: age, sex, BMI, Townsend deprivation 

index, qualification, low- density lipoprotein cholesterol, 
high- density lipoprotein cholesterol, history of CVD, 
history of hypertension, history of diabetes and history of 
cancer. Details of the covariates can be found in online 
supplemental text S4. For the model including GRS, the 
first 10 principal components of ancestry and genotyping 
batch were additionally adjusted. If covariate information 
was missing (<20%), we used multiple imputations based 
on five replications and a chained equation method in 
the R multivariate imputation by chained equation proce-
dure to account for missing data.18 We performed a linear 
trend test by entering the median value of each risk group 
as a continuous variable in the model.

We stratified the analyses between the LRS and GRS, 
individually and in combination, and risk of incident 
events by age (<60 years and ≥60 years), sex (male and 
female), BMI (<30 kg/m2 and ≥30 kg/m2) and pre- 
existing cardiometabolic diseases (CMD) (yes and no). 
CMD included hypertension, CVD and/or type 2 diabetes 
(ICD- 10 codes E111). The multiplicative interaction 

Figure 1 Flowchart for the selection of the analysed study sample from the UK Biobank study.
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was tested using the likelihood ratio test by including 
an additional product term in the fully adjusted model. 
The presence of an additive interaction was determined 
by calculating the relative excess risk due to interac-
tion (RERI), the attributable proportion (AP) and the 
synergy index (SI). The Schoenfeld residual method was 
used to test the proportional hazards assumption of the 
Cox model, and no violations of the assumption were 
discovered.

The association between each composite lifestyle, life-
style risk and outcomes was stratified by genetic risk. 
The 14- year (longest follow- up time) event rates were 
calculated using Cox regression and standardised to the 
average of all variables. We calculated the population 
attributable fraction (PAF),19 which is an estimate of the 
proportion of preventable events if all individuals were 
in the low LRS, low GRS category or any of the low- risk 
lifestyles.

Sensitivity analyses were conducted to evaluate the 
robustness of our findings. First, to reduce the possibility 
of spurious associations due to reverse causation, the 
associations of GRS and LRS with outcomes were reana-
lysed after excluding individuals who died or developed 
morbidity within the first 2 years of follow- up. Second, we 
assessed the competing risk of non- event death based on 
the association of combined LRS and GRS and all diseases 
of interest using the subdistribution method, with the 
competing event being death from all causes other than 
developing primary outcomes.

All analyses were performed using R (V.4.1.3). We set 
the α at 0.05 and used Bonferroni correction to adjust 
for multiple testing. We considered two- sided p values less 
than 0.017 divided by the number of tests, that is, 0.05/3, 
statistically significant.

RESULTS
Participant characteristics
Of the study participants (n=3 15 044), 141 620 (45.0%) 
were males, and the mean (SD) age was 56.3 (8) years. 
Over a median of 12.8 years of follow- up, there were 4642 
cases of incident IS, 1046 of incident ICH and 9485 of 
incident MI (table 1 and online supplemental table S5). 
In general, individuals with incident events of interest 
were more likely to be male, older, less likely to have a 
university degree and have an unhealthy lifestyle. The 
proportion of participants in each LRS group for different 
disease outcomes is detailed in online supplemental table 
S6.

Associations of lifestyle risk and genetic risk
High- risk levels in most lifestyle categories were associated 
with a higher risk of IS, ICH and MI (figure 2). When 
these five individual lifestyle factors were considered 
jointly by using a weighted LRS (online supplemental 
figure S3), the incidence rates and risks of IS, ICH and 
MI increased significantly with increasing LRS (online 
supplemental table S7, all p for trend <0.001, figure 3). 

Table 1 Baseline characteristics of study participants

Characteristics Total

N 315 044

Male 141 620 (44.95)

Age, mean (SD), year 56.34 (7.99)

Mean body mass index (SD) (kg/m2) 27.25 (4.69)

Townsend deprivation index, mean (SD) 15.69 (13.45)

Mean high- density lipoprotein cholesterol (SD) 
(mmol/L)

1.46 (0.38)

Mean direct low- density lipoprotein cholesterol 
(SD) (mmol/L)

3.60 (0.86)

Qualification

  College or university degree 108 283 (34.37)

  A levels/AS levels or equivalent 37 124 (11.78)

  O levels/GCSEs or equivalent 68 571 (21.77)

  CSEs or equivalent 16 675 (5.29)

  NVQ/HND/HNC or equivalent 20 391 (6.47)

  Other professional qualifications 16 173 (5.13)

  None of the above 47 827 (15.18)

History of cardiovascular disease 11 262 (3.57)

History of hypertension 77 901 (24.73)

History of diabetes 13 426 (4.26)

History of cancer 28 568 (9.07)

Lifestyle category

  Smoking

   0 253 977 (80.62)

   1 38 521 (12.23)

   2 22 546 (7.16)

  Alcohol intake

   0 86 191 (27.36)

   1 153 528 (48.73)

   2 75 325 (23.91)

  Physical activity

   0 194 790 (61.83)

   1 114 128 (36.23)

   2 6126 (1.94)

  Diet patterns

   0 77 721 (24.67)

   1 221 866 (70.42)

   2 15 457 (4.91)

  Sleep patterns

   0 179 164 (56.87)

   1 120 439 (38.23)

   2 15 441 (4.90)

Baseline characteristics are presented as mean (SD) if normally 
distributed, median (IQR) if non- normally distributed and frequency 
(%) if categorical.
AS, Advanced Subsidiary; CES, The Certificate of Secondary 
Education; GCES, The General Certificate of Secondary Education; 
HNC, Higher National Certificates.; HND, Higher National Diploma; 
NVQ, National Vocational Qualifications.
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The multivariate- adjusted HRs (95% CI) for those with 
high LRS compared with those with low LRS were 2.78 
(95% CI 2.40 to 3.21), 2.10 (95% CI 1.45 to 3.02) and 
2.74 (95% CI 2.48 to 2.96) for IS, ICH and MI, respec-
tively (figure 3).

Consistent results were observed in stratification by 
subgroups (online supplemental tables S8 and S9, all p 
for trend<0.001). In particular, these associations for IS 
were stronger among those aged <60 years (for high LRS: 
HR 3.07 (95% CI 2.45 to 3.84), p for interaction=0.010), 
and for MI, it was stronger among females (for high LRS: 
HR 3.35 (95% CI 2.88 to 3.91), p for interaction=0.001), 
those aged <60 years (for high LRS: HR 3.23 (95% CI 
2.81 to 3.72), p for interaction<0.001) and those with BMI 
<30 (for high LRS: HR 2.91 (95% CI 2.58 to 3.28), p for 
interaction<0.001).

GRS showed the strongest association with IS at 
p<8.25e−6 (75 single- nucleotide polymorphisms (SNPs), 
online supplemental table S10), with ICH at p<2.10e−3 
(1364 SNPs, online supplemental table S11) and with 
MI at p<7.90e−6 (105 SNPs, online supplemental table 
S12) and were therefore selected for subsequent anal-
yses, with distributions approximating normal (online 
supplemental figure S4). Online supplemental table S6 
and figure 3 showed that the risk of IS, ICH and MI also 
increased monotonically across GRS categories (all p for 
trend<0.010). Participants with a high GRS were associ-
ated with a higher risk of incident IS (HR 1.31 (95% CI 
1.22 to 1.41)), incident ICH (HR 1.16 (95% CI 1.03 to 
1.32)) and incident MI (HR 1.84 (95% CI 1.74 to 1.93)). 
The association of LRS or GRS with incident events was 
essentially unchanged after adjustment for each other. 

Results were consistent in subgroups, although the 
heterogeneity was not significant for ICH in the majority 
of subgroups (online supplemental tables S8 and S9). 
The association of GRS with MI was modified by age, with 
high GRS associated with significantly more MI events 
among those aged <60 years (p for interaction<0.001).

The joint effect of genetic and lifestyle risk
The effects of genetics and lifestyle on the risk of IS, ICH and 
MI were likely to be synergistic, with an overall monotonic 
association (figure 4). In particular, compared with partic-
ipants with both low GRS and LRS, the HRs of those with 
both high GRS and LRS were 3.45 (95% CI 2.71 to 4.41), 
2.32 (95% CI 1.40 to 3.85) and 4.89 (95% CI 4.16 to 5.75) 
for IS, ICH and MI, respectively. In addition, high LRS and 
high GRS showed a tendency to synergise across the three 
disease outcomes (RERI >0), and it was especially in MI 
that they had a significant additive interaction (RERI: 1.50, 
95% CI 0.59 to 2.42; AP: 0.28, 95% CI 0.14 to 0.43; SI: 1.54, 
95% CI 1.19 to 2.00) (online supplemental tables 13–15). 
Sensitivity and subgroup analyses showed similar results 
(online supplemental tables S16–S18), although in a few 
subgroups of patients with ICH with small sample sizes, this 
trend was not significant. Regarding IS, these associations 
were stronger among those aged <60 years (p for inter-
action=0.004). For MI, these associations were stronger 
among those aged <60 years (p for interaction<0.001) and 
those with a BMI <30 (p for interaction=0.008).

Stratified analysis by genetic risk for association with lifestyle 
risk
High LRS was associated with a higher risk of disease in 
each genetic risk category (online supplemental table 

Figure 2 Associations between each lifestyle and the risk of IS, ICH and MI. Cox regression models were additionally adjusted 
for age, sex, body mass index, Townsend deprivation index, qualification, high- density lipoprotein cholesterol, low- density 
lipoprotein cholesterol, history of cardiovascular disease, history of hypertension, history of diabetes and history of cancer. The 
green vertical dashed line represents the reference line, the green squares represent the HRs, and the green solid line represents 
the 95% CIs. The figure shows that high- risk levels in most lifestyle categories were associated with a higher risk of IS, ICH and 
MI. IS, ischaemic stroke; ICH, intracerebral haemorrhage; MI, myocardial infarction.
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S19). Among participants with high GRS, a high LRS 
compared with a low LRS was associated with a 153% 
greater relative risk for IS, 96% for ICH and 157% for MI.

Similar trends were observed across individual lifestyle 
categories, regardless of genetic risk (figure 5 and online 
supplemental tables S20–S22). Moreover, in participants 

Figure 3 Standardised health event rates according to genetic and lifestyle risks. The left- hand panel, including A1, B1 and 
C1, shows the standardised event rates of IS, ICH and MI according to the genetic risk. The right- hand panel, including A2, 
B2 and C2, shows the standardised event rates of IS, ICH and MI according to lifestyle risk. Cox regression models, including 
lifestyle risk score, were adjusted for age, sex, body mass index, qualification, high- density lipoprotein cholesterol, low- density 
lipoprotein cholesterol, history of cardiovascular disease, history of hypertension, history of diabetes and history of cancer. 
Models, including genetic risk scores were adjusted for age, sex, the first 10 principal components of ancestry and genotyping 
batch. The 95% CIs for the HRs are provided in parentheses. The covariates were corrected by covariate mean substitution. IS, 
ischaemic stroke; ICH, intracerebral haemorrhage; MI, myocardial infarction.
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with high GRS, standardised 14- year rates of IS events 
were 4.40% (95% CI 3.45% to 5.36%) among those with 
high LRS. In contrast, these were only 1.78% (95% CI 
1.63% to 1.94%) in those with low LRS. Similarly, for MI, 
the group with high LRS had standardised rates of 8.60% 
(95% CI 7.38% to 9.81%), as opposed to 3.34% (95% CI 
3.12% to 3.56%) in the low LRS group. Among the group 
with high GRS of ICH, the rate of low LRS was about 
half that of high LRS, although the rate was low: 0.36% 
(95% CI 0.31% to 0.42%) and 0.71% (95% CI 0.36% to 
1.05%), respectively (figure 6). Notably, participants with 
high LRS at a low GRS profile had a higher standardised 
cumulative event rate than those with low LRS at a high 
GRS profile (3.51% vs 1.78% for IS, 0.69% vs 0.36% for 
ICH and 5.63% vs 3.34% for MI).

Population-attributable fraction
PAFs for lifestyle and genetics were calculated separately. 
In the data from this study, lifestyle risk contributed more 
to IS and ICH risk than genetic risk, whereas the oppo-
site was true for MI, with genetic risk contributing slightly 
more than lifestyle (online supplemental figure S5). As 
shown in online supplemental table S23, adherence to 
different categories of low- risk lifestyles can prevent new- 
onset outcomes to varying degrees. Furthermore, for IS, 
20.1% (95% CI 16.6% to 23.6%) of new- onset events 
during follow- up might have been prevented if all indi-
viduals had low LRS, 17.3% (95% CI 10.4% to 24.2%) for 
ICH and 23.4% (95% CI 21.1% to 25.7%) for MI.

Figure 4 Risk of incident events associated with joint lifestyle and genetic risk. Cox regression models were adjusted for 
age, sex, body mass index, qualification, high- density lipoprotein cholesterol, low- density lipoprotein cholesterol, history of 
cardiovascular disease, history of hypertension, history of diabetes, history of cancer, the first 10 principal components of 
ancestry and genotyping batch. The green vertical solid line represents the reference line, the green squares represent HRs, 
and the green solid line represents 95% CIs. AR, absolute risk; HG, high genetic risk; HL, high lifestyle risk; ICH, intracerebral 
haemorrhage; IG, intermediate genetic risk; IL, intermediate lifestyle risk; IS, ischaemic stroke; LG, low genetic risk; LL, low 
lifestyle risk; MI, myocardial infarction.

 on June 23, 2025 by guest. P
rotected by copyright.

http://svn.bm
j.com

/
S

troke V
asc N

eurol: first published as 10.1136/svn-2024-003257 on 25 June 2024. D
ow

nloaded from
 

https://dx.doi.org/10.1136/svn-2024-003257
https://dx.doi.org/10.1136/svn-2024-003257
http://svn.bmj.com/


8 Wang J, et al. Stroke & Vascular Neurology 2024;0. doi:10.1136/svn-2024-003257

Open access 

DISCUSSION
In this large prospective cohort study, we found that (1) 
lifestyle and genetic risks were independently and syner-
gistically associated with the risk of IS, ICH and MI, and 
individuals whose genetic and lifestyle risks were both 
high had the greatest risk; (2) adherence to any of the 

ideal lifestyles or any positive change has been associated 
with varying degrees of reduction in the genetic risk of IS, 
ICH and MI, producing substantial benefits in individuals 
or populations and (3) when overall lifestyle risk is low, it 
is associated with a nearly 60%, 50% and 60% offset in the 
genetic risk of IS, ICH and MI, respectively.

Figure 5 Association of each lifestyle with incident IS, ICH and MI in genetic risk strata. Cox regression models were 
additionally adjusted for age, sex, body mass index, qualification, high- density lipoprotein cholesterol, low- density lipoprotein 
cholesterol, history of cardiovascular disease, history of hypertension, history of diabetes and history of cancer. *p<0.500; 
**p<0.010 and ***p<0.001. AR, absolute risk; HG, high genetic risk; HL, high lifestyle risk; ICH, intracerebral haemorrhage; IG, 
intermediate genetic risk; IL, intermediate lifestyle risk; IS, ischaemic stroke; LG, low genetic risk; LL, low lifestyle risk; MI, 
myocardial infarction.
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Previous studies have also shown that an unhealthy 
lifestyle is associated with the risk of CVD,15 20 especially 
in young adults.21 In the current study, we constructed 
a weighted LRS using five composite lifestyle indicators 
and found that high lifestyle risk was associated with an 
increased risk of around 178% for IS, 110% for ICH and 
174% for MI. Our stratified analyses found that these 
associations were particularly strong in those under 60 
years. Besides the traditional healthy lifestyle factors, we 
also considered secondhand smoke exposure, alcohol 
consumption, sedentary behaviour and sleep patterns 
in the LRS. A previous study confirmed that even low 
doses of tobacco smoke increase the risk of stroke and 
MI.22 Harmful effects are further supported by studies of 
secondhand smoke.23 The biological effects of alcohol 
have been well- demonstrated: moderate and high alcohol 
intakes are associated with increased heart rate, electro-
mechanical delay and impaired fibrinolysis.24–26 Further-
more, physical inactivity and sedentary behaviour are 
connected with an increased risk of cardiovascular disor-
ders.9 27 High levels of physical activity can attenuate but 
not eliminate the increased risk associated with sedentary 
activity,28 and the impact of both on disease needs to be 
assessed holistically. In addition, healthy sleep patterns 
composed of five sleep behaviours significantly reduce 
the risk of coronary heart disease and stroke.8 The poten-
tial causal relationship between increased nap frequency 
and IS is also supported by Mendelian randomisation and 
prospective observations, suggesting that certain sleep 

behaviours may lead to compensatory changes in other 
sleep behaviours.29

Our findings further validate the risk of stroke and 
MI associated with these suboptimal lifestyles. These are 
consistent with previous studies showing that a broader 
and more detailed assessment of lifestyle can more accu-
rately identify people at risk of unhealthy lifestyles. The 
low acceptability of healthy behaviours may be due to 
the highly individual nature of the decision to adopt 
healthy lifestyle behaviours and the misconception 
created by the traditional one- size- fits- all approach that 
health benefits only occur when predefined health indi-
cators are met. However, our study suggests that all health 
behaviour improvements, regardless of size, deserve to be 
recognised. Moreover, age plays a significant role in the 
association between lifestyle and the risk of stroke and MI, 
particularly before the age of 60 years. Therefore, identi-
fying unhealthy lifestyles in young and middle- aged popu-
lations and actively intervening are especially important 
to improve CVD health at the population level.

Stroke and MI are both complex diseases. Previous 
studies have shown that GRS constructed using multiple 
variant loci were effective predictors.30 31 In the present 
study, we calculated weighted GRS for each outcome and 
found that high genetic risk was associated with a 31% 
increased risk of IS, a 16% increased risk of ICH and an 
84% increased risk of MI. In stratified analyses, we found 
a stronger association between genetic risk and the risk 
of MI in participants younger than 60, which is consistent 

Figure 6 Standardised 14- year outcome event rates, according to lifestyle and genetic risk. Shown are standardised 14- year 
cumulative incidence rates for IS, ICH and MI, according to lifestyle and genetic risks. A healthy lifestyle substantially reduced 
the risk of IS, ICH and MI and attenuated the genetic risk of those diseases by nearly 60%, 50% and 60%, respectively. 
Standardisation was performed on averages for each covariate. The I bars represent 95% CIs. The covariates were corrected by 
covariate mean substitution.
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with a study of twins in which early- onset MI had a stronger 
genetic component than late- onset MI.32

We also confirmed that genetics and lifestyle may play 
a synergistic role in the development of stroke and MI. 
Individuals whose genetic and lifestyle risks are both 
high have the greatest risk. This is because the biological 
effects of each factor are multivariate in nature, which 
may involve overlapping effects through pathways asso-
ciated with stroke or MI.33 34 Furthermore, our results 
showed that adherence to any healthy lifestyle, even 
small choices, was associated with a reduction in the risk 
of stroke, and MI to varying degrees, independent of 
genetic risk. We can personalise the selection of interven-
tion factors according to genetic risk for different disease 
outcomes at the individual level. At the population level, 
interventions can be prioritised for factors with a large 
attributable risk. The offsetting effect is greatest when the 
individual as a whole is at a low lifestyle risk. Compared 
with previous studies,20 35 we found that adherence to a 
low- risk lifestyle was associated with reducing the risk of 
IS, ICH and MI associated with genetic factors by at least 
half, respectively, suggesting that other healthy lifestyles 
should be given equal importance. In addition, indi-
viduals with a low genetic risk could lose their inherent 
protection if they adhere to an unhealthy lifestyle.

Strengths and limitations
The study has several strengths, including the large 
sample size, well- characterised phenotypes and prospec-
tive design. More importantly, we constructed weighted 
LRS and GRS separately for IS, ICH and MI.

Several limitations must be noted. First, potential 
changes in lifestyle factors following the baseline evalua-
tion may have affected our risk estimations. Future studies 
need to investigate the effects of lifestyle changes over 
time. Second, in addition to the included lifestyle indica-
tors, other potentially unknown factors may play a role in 
the development of stroke and MI. Third, since this is an 
observational study, the possibility of reverse causal asso-
ciations remains, although participants were followed up 
for a median of 12.8 years. Fourth, the poor stratification 
of GRS for constructing ICH compared with IS and MI 
may be due to the relative rarity of the disease and the low 
statistical power of the available dataset. Fifth, some rare 
variants may not have been included based on the GWAS 
summary data. Finally, the majority of participants were of 
European descent. Our results might affect the generalis-
ability of populations with alternative ancestry.

CONCLUSION
In summary, our findings suggest genetics and lifestyle 
jointly contribute to the risk of IS, ICH and MI. A healthy 
lifestyle is associated with a significantly reduced risk of 
stroke and MI, as well as attenuating the genetic risk of 
these diseases. This suggests that we need to focus on a 
broader level of healthy lifestyles and more particular 
disease subtypes. This allows us to consider individual 

characteristics effectively, that is, the priority lifestyle 
intervention factors can be adapted to the specific needs 
of individuals and genetic risk for disease subtypes. Our 
findings highlight the health benefits of shifting to a 
healthier lifestyle at any level.
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