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Abstract

Background -—Both lifestyle and genetic factors confer risk for cardiovascular diseases, type 2 

diabetes (T2D), and dyslipidemia. However, the interactions between these two groups of risk 

factors were not comprehensively understood due to previous poor estimation of genetic risk. Here 

we set out to develop enhanced polygenic risk scores (PRS), and systematically investigate 

multiplicative and additive interactions between PRS and lifestyle for coronary artery disease, 

atrial fibrillation, T2D, total cholesterol, triglyceride, and LDL-cholesterol.

Methods -—Our study included 276,096 unrelated white British participants from the UK 

Biobank. We investigated several PRS methods (P+T, LDpred, PRS-CS, and AnnoPred), and 

showed that AnnoPred achieved consistently improved prediction accuracy for all six diseases/

traits. With enhanced PRS and combined lifestyle status categorized by smoking, body mass 

index, physical activity, and diet, we investigated both multiplicative and additive interactions 

between PRS and lifestyle using regression models.

Results -—We observed that healthy lifestyle reduced disease incidence by similar multiplicative 

magnitude across different PRS groups. The absolute risk reduction (ARR) from lifestyle 

adherence was however significantly greater in individuals with higher PRS. Specifically, for T2D, 

the ARR from lifestyle adherence was 12.4% (95% CI, 10.0%−14.9%) in the top 1% PRS versus 
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2.8% (95% CI, 2.3%−3.3%) in the bottom PRS decile, leading to a ratio of more than 4.4. We also 

observed a significant interaction effect between PRS and lifestyle on triglyceride level.

Conclusions -—By leveraging functional annotations, AnnoPred outperforms state-of-the-art 

methods on quantifying genetic risk through PRS. Our analyses based on enhanced PRS suggest 

that individuals with high genetic risk may derive similar relative but greater absolute benefit from 

lifestyle adherence.
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Introduction

Poor lifestyle has long been known to confer risk for cardiovascular diseases (CVD)1,2, 

which are the leading cause of morbidity and mortality in the world3. To improve 

cardiovascular health, the American College of Cardiology and the American Heart 

Association has recommended a healthy lifestyle with guidelines for diet, physical activity, 

obesity, and tobacco use4.

Previous studies have also demonstrated that genetics plays an important role in CVD 

risk5–7. In recent years, large-scale genome-wide association studies (GWAS) have rapidly 

expanded our knowledge on the genetic variants that are associated with CVD and its key 

drivers including type 2 diabetes (T2D) and dyslipidemia8–11. Many methods have been 

subsequently proposed for aggregating information from GWAS results to quantify the 

genetic risk for an individual through polygenic risk scores (PRS)12–17.

As CVD risk is conferred by both lifestyle and genetic factors, several studies have sought to 

examine the interactions between these two groups of risk factors for CVD traits18–20, and 

reached the conclusion that genetic factors (summarized through PRS) and lifestyle factors 

independently contribute to cardiovascular disorders and related diseases, including 

coronary artery disease (CAD), atrial fibrillation (AF), stroke, hypertension, and T2D19,21. 

However, the PRS used in previous studies were constructed either based on GWAS results 

from a limited number of samples or using less optimal risk prediction methods, providing a 

less accurate representation of an individual’s genetic risk12–15,18–21. In addition, previous 

studies also coarsely stratified the study population by PRS into a limited number of risk 

groups without considering that the empirical risk of common diseases increased sharply in 

the extreme tails of the PRS distribution22–25. As summarized recently by Khera et al25, 

larger GWASs and improved statistical methods could derive PRS with better prediction 

accuracy. Here, we set out to construct more predictive PRS for CAD, AF and T2D from the 

largest-to-date GWAS summary statistics, and then comprehensively investigate the extent to 

which the genetic predisposition of CAD, AF and T2D can alter the effect of lifestyle 
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adherence on disease outcomes, especially for those with extremely high genetic risk. In 

addition, we also extend the investigation of potential interactions between PRS and lifestyle 

on blood lipid levels, which are crucial intermediate traits for CVD6,26.

Methods

A full-length description of the methods is available as part of the Data Supplement 

(Methods, Table I–II, Figure I–II). Because of the sensitive nature of the individual-level 

data collected for this study, requests to access the dataset from qualified researchers trained 

in human subject confidentiality protocols may be sent to UK Biobank (UKBB) at https://

www.ukbiobank.ac.uk/register-apply. The summary-level data (e.g. PRS weights) are 

available from the corresponding author upon request. All analytical methods are available 

and reported12–15. The study was approved by the UKBB27 and by the ethic committee of 

Yale University. All individuals have provided written informed consent.

Results

Population characteristics

Of the 502,618 participants aged 40–69 years in the UKBB, 226,522 were excluded 

according to the exclusion criteria stated in Methods in the Data Supplement. The remaining 

276,096 individuals were divided into a training set of 92,928 individuals and a testing set of 

183,168 individuals. In the training set, there were 4,746 CAD cases, 3,606 AF cases, and 

4,639 T2D cases. A total of 16,719 individuals were excluded from lipid level analysis due 

to missingness or their taking cholesterol-lowering medication. The testing set for each 

disease was constructed by further excluding prevalent cases. This yielded 176,238 

participants with 3,467 incident cases for CAD, 178,651 participants with 4,025 incident 

cases for AF, 178,138 participants with 4,659 incident cases for T2D, and 144,939 

participants for the lipid testing set (Figure I in the Data Supplement). Baseline 

characteristics for the population are provided in Table 1.

Prediction performance of polygenic risk scores

Four PRS methods were considered in our study: P+T12, LDPred13, PRS-CS14, and 

AnnoPred15. P+T is also the standard PRS method where the marginal effect sizes from 

GWAS summary statistics were directly used as weights, and the SNPs were selected after 

LD-clumping and p-value thresholding12. LDPred and PRS-CS are both Bayesian 

approaches that model the LD information extracted from a reference panel, where LDPred 

assumes an independent point-normal prior while PRS-CS assumes a continuous shrinkage 

(CS) prior on the SNP effect sizes13,14. AnnoPred is a Bayesian framework that further 

leverages functional annotations in quantifying genetic risk15.

Our empirical results suggest that AnnoPred achieved the best predictive performance for all 

six traits in both the training and testing sets, with the AUC in the testing set being 0.643 

(95% CI, 0.637–0.648) for CAD, 0.632 (95% CI, 0.625–0.639) for AF, and 0.645 (95% CI, 

0.639–0.651) for T2D, respectively; and R2 being 0.0751 (95% CI, 0.0728–0.0775) for total 

cholesterol (TC), 0.0744 (95% CI, 0.0720–0.0767) for triglyceride (TG), and 0.0705 (95% 

CI, 0.0682–0.0729) for low-density lipoprotein cholesterol (LDL-C), respectively (Figure 1, 
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Table III in the Data Supplement). In particular, the optimal PRS involved 2,994,054 variants 

for CAD, 2,996,792 variants for AF, 2,996,760 variants for T2D, 1,198,743 variants for TC, 

1,197,954 variants for TG, and 1,197,834 variants for LDL-C, respectively.

Associations of disease risk with PRS and combined and individual lifestyle factors

As shown in Figure 2, a risk gradient was clearly observed across the 10 genetic risk groups 

for each overall lifestyle status where individuals with high PRS were at higher risk of CAD, 

AF and T2D events than those with low PRS. This trend was especially visible for 

participants in the right tail of the PRS distribution, where the risk of developing disease 

increased sharply as PRS increased. For participants with an intermediate combined lifestyle 

status, the adjusted hazard ratios (HRs) were 4.23 (95% CI, 3.39–5.28) for CAD, 3.69 (95%, 

2.96–4.60) for AF, and 3.67 (95%, 2.99–4.52) for T2D, when comparing the group with 

>99% PRS to the group with 40–60% PRS (Table IV–V in the Data Supplement).

Within each of the 10 PRS-defined genetic risk groups, poor lifestyle was consistently 

associated with increased disease risk when compared to intermediate lifestyle, whereas 

healthy lifestyle was associated with decreased disease risk. Compared with the group of 

individuals with mid-range genetic risk (40–60% PRS) and intermediate combined lifestyle, 

the adjusted HRs for the group of individuals having the top 1% PRS while leading poor 

lifestyles increased to 5.23 (95% CI, 3.01–9.09) for CAD, 5.43 (95%, 3.34–8,82) for AF, 

and 6.67 (95%, 4.55–10.1) for T2D. On the contrary, for individuals with similarly high 

genetic risk (top 1% PRS) but healthy lifestyle, the corresponding risk decreased to 3.19 

(95% CI, 1.64–6.19) for CAD, 2.15 (95%, 1.15–4.02) for AF, and 0.98 (95%, 0.41–2.36) for 

T2D, demonstrating the benefit of leading a healthy lifestyle even for this extremely high 

genetic risk group.

Relative disease risk reduction when leading a healthy lifestyle

As the three HR curves across the 10 genetic risk bins for the three lifestyle groups are 

almost parallel to each other (Figure 2), the UKBB data suggest that the effects of lifestyles 

may be independent of PRS for CAD, AF, and T2D at the log HR scale. We then performed 

formal statistical tests to investigate the multiplicative interactions between PRS and 

combined lifestyle on disease outcomes under the Cox proportional hazard regression 

model. Consistent with our impressions from the figures, no significant multiplicative 

interactions were identified after Bonferroni correction (Table VI–VII in the Data 

Supplement).

We further studied the joint effects of genetic risk and individual lifestyle factors as 

summarized in Figure III–V in the Data Supplement. At the individual lifestyle factor level, 

each lifestyle factor seems to still exert an effect independent of genetic risk on disease 

outcomes, albeit the magnitude of relative risk across each lifestyle factor varies among 

three diseases. Smoking and body mass index (BMI) were both important risk factors for 

CAD and AF, while diet and physical activity did not clearly influence risk. For T2D, BMI 

still played a prominent role, and the effect from physical activity could also be observed 

clearly, while no significant effects from smoking and diet were observed.
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Absolute disease risk reduction when leading a healthy lifestyle

In contrast to the independent relationship between reduced HR and PRS, absolute risk 

reduction (ARR) from healthy lifestyle was greater in the group at higher PRS for CAD, AF 

and T2D (Figure 3, Table VIII in the Data Supplement). More specifically, after lifestyle 

modification, in the extremely high PRS group (PRS > 99%), AR of CAD reduced from 

7.9% to 3.4% (ARR = 4.5%); while in the intermediate PRS group (40% < PRS < 60%), AR 

of CAD reduced from 2.8% to 0.9% (ARR = 1.9%); and in the low PRS group (PRS < 

10%), AR of CAD reduced from 1.6% to 0.6% (ARR = 1.0%). For AF, after lifestyle 

modification, the AR reduced from 10.7% to 3.5% (ARR = 7.2%) in the extremely high PRS 

group (PRS > 99%), from 3.3% to 1.5% (ARR = 1.8%) in the intermediate PRS group (40% 

< PRS < 60%) and from 1.1% to 0.6% (ARR = 0.5%) in the low PRS group (PRS < 10%). 

Strikingly, there was an apparent sharp increase of ARR in the extreme right tail of AF PRS 

distribution, where the ARR was less than 3% even in group with PRS > 90% & PRS < 

99%, but rose up to 7.2% in the group with PRS > 99%. Overall, the AR of T2D was larger 

than CAD and AF. The ARR from lifestyle adherence for T2D was also larger; after lifestyle 

modification, the AR reduced from 14.3% to 1.9% (ARR = 12.4%) in the extremely high 

PRS group (PRS > 99%), from 5.6% to 0.6% (ARR = 5.0%) in the intermediate PRS group 

(40% < PRS < 60%) and from 3.1% to 0.3% (ARR = 2.8%) in the low PRS group (PRS < 

10%).

We also studied the ARR from individual lifestyle adherence within each PRS groups 

(Figure VI–VIII in the Data Supplement). For CAD, we could observe the same trend that 

ARR was greater in the group at higher PRS from the modification of smoking behavior, 

BMI and physical activity. In the extremely high PRS group (PRS > 99%), changing the 

smoking status from poor to ideal alone could lead to an ARR of 5.2%. For AF, ARR from 

lifestyle adherence mainly came from the modification of BMI. Especially in the extremely 

high PRS group (PRS > 99%), ARR from BMI modification was as high as 6.7%. For T2D, 

the ARRs from all of the four individual lifestyle components increased with PRS. 

Specifically, BMI modification alone could lead to an ARR of 11.1% and smoking behavior 

modification alone could lead to an ARR of 6.3%.

Associations of lipid levels with PRS and combined and individual lifestyle factors

For all three blood lipid types, the mean levels increased across PRS quantiles for each 

combined lifestyle category, while healthy lifestyle was associated with decreased mean 

levels within each PRS group (Figure 3, Table IX in the Data Supplement).

According to the recommended guidelines set by the National Cholesterol Education 

Program (NCEP)28,29, only the group with the lowest genetic risk (<5% PRS) in each 

lifestyle category had an average TC level at the desirable level (<5.172 mmol/L [<200 mg/

dL]). Conversely, groups with high genetic risk (>90% PRS) in all lifestyle categories had an 

average TC level at high designation (≥6.206 mmol/L [≥240 mg/dL]). For groups with the 

same PRS grouping but different lifestyle categories, the average TC levels were mostly in 

the same NCEP designation, but healthy lifestyle tended to pull the average TC levels to a 

healthier designation. The protective effect of healthy lifestyle was most pronounced for TG. 

The normal designation for TG is <1.694 mmol/L [150 mg/dL]. While none of the PRS 
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groups with poor lifestyle had average levels below this threshold, the average TG level was 

below this threshold for people with intermediate lifestyle and <40% PRS, whereas for 

people with healthy lifestyle, the average level was below the threshold for all the PRS 

groups except the one with the highest genetic risk, i.e. >99%. As for the high TG 

designation (≥2.258 mmol/L [≥200 mg/dL]), the average TG level was above this threshold 

for individuals with >60% PRS in poor lifestyle group versus >99% PRS in the intermediate 

lifestyle group and none of the PRS groups in the ideal lifestyle group. A similar result was 

also observed in the LDL-C analysis, with <5% PRS, <10% PRS, and <20% PRS in the 

poor, intermediate, and ideal lifestyle groups, respectively, were at the optimal or near-

optimal levels of LDL-C (<3.362 mmol/L [<130 mg/dL]). Moreover, 5–60% PRS, 10–60% 

PRS, and 20–80% PRS in the respective groups were at borderline high levels (3.362–4.138 

mmol/L [130–160 mg/dL]), and the remaining intervals of PRS had LDL-C levels 

designated as high (>4.138 mmol/L [>160 mg/dL]).

The results in Figure 4 suggest that lifestyle and genetic factors may exert independent 

effects on the blood lipid levels, as healthy lifestyle reduced the mean lipid levels similarly 

regardless of PRS grouping. We subsequently tested statistical interactions between PRS and 

combined lifestyle categories for all three types of lipid (Table X–XI in the Data 

Supplement). In the analyses based on the deciles of PRS, we observed no significant 

interactions after Bonferroni correction, as suggested by Figure 4. However, in the analyses 

based on continuous PRS, we observed a significant positive interaction between PRS and 

lifestyle for TG (P = 0.0027), suggesting that people at higher PRS could benefit more from 

lifestyle adherence.

We also studied the joint effects of genetic risk and individual lifestyle factors on lipid levels 

(Figures IX–XI in the Data Supplement). Individual lifestyle factors still exerted effects on 

lipid levels independent of genetic risk, with BMI as the prominent lifestyle factor for all 

three types of lipid and smoking playing an important role specifically for TG.

Sex differences

We also analyzed the associations of diseases incidence and lipid levels with PRS and 

combined lifestyle stratified by sex as shown in Figures XII–XIV in the Data Supplement. 

The results were generally similar to the results from the combined analyses. However, 

given the same PRS quantile and combined lifestyle status, males tended to have a higher 

level of TG compared to females, and the larger ARRs among males suggested that males 

might have more absolute benefits from lifestyle adherence regarding to the prevention of 

CAD, AF and T2D.

Discussion

By using enhanced PRSs in this large-scale study of around 300,000 UKBB participants, no 

significant multiplicative interactions were found between genetic risk and lifestyle for 

CAD, AF, and T2D incidence under the Cox proportional hazard model. However, we 

observed a significant association between PRS grouping and ARR from lifestyle adherence 

for CAD, AF and T2D, where healthy lifestyle decreased the absolute risk much more 
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significantly in individuals at high PRS-percentiles. We also found a significant positive 

interaction between PRS and lifestyle for TG.

In general, the impact of lifestyle factors and PRS on CAD, AF and T2D incidence observed 

in our study is in line with previous reports by Khera et al18 and Said et al19. Both poorer 

lifestyle and higher genetic risk could lead to higher risks of developing CAD, AF and T2D. 

However, our study has extended the investigations of the previous studies in several ways.

First, we investigated the effect of genetic factor and its interaction with lifestyle based on 

more accurate quantification of genetic risks. More specifically, by leveraging functional 

annotations in genetic risk prediction, we developed enhanced PRS for CAD, AF, T2D, TC, 

TG, and LDL-C using AnnoPred15. Applying to UKBB dataset, we showed that our 

enhanced PRS outperformed PRS developed by other state-of-the-art methods (P+T, 

LDpred, PRS-CS) for all six disease/traits with higher AUCs/R2. It is worth noting that in 

both Khera’s18 and Said’s19 studies, they used restrictive PRS which could be regarded as a 

special case of P+T PRS. They generated the PRS based on empirical clumping and 

thresholding parameters without tuning; hence the performance of the PRS they used was 

expected to be even worse than the P+T PRS as we showed in Figure 1. Given the significant 

improvement of the prediction performance of AnnoPred PRS over P+T PRS, our 

investigation results based on the enhanced PRS would be more accurate and robust.

Second, we studied both multiplicative (HR) and additive (AR) interactions between PRS 

and lifestyle for CAD, AF, and T2D with a more refined population stratification. We 

observed that participants with higher PRS could get similar relative but greater absolute 

benefits by leading a healthy lifestyle. Previous work by Khera et al18 also found that people 

with high PRS (> 80% PRS) could get larger ARR from lifestyle adherence compared to 

other PRS groups. However, based on their restricted PRS and coarse population 

stratification, they reported that of the 7814 participants in the Atherosclerosis Risk in 

Communities (ARIC) study, the ARR of CAD from healthy lifestyle was 2.7%, 2.5%, and 

5.6% in low (< 20% PRS), intermediate (20%−80% PRS), and high PRS (> 80% PRS) 

groups, respectively; from which they could hardly conclude whether the large ARR only 

existed in the high PRS group, or there was a trend that higher PRS would lead to larger 

ARR. Our finer stratification allowed us to observe such a trend clearly as illustrated in 

Figures 2–3, where the HR lines were parallel to each other and ARRs increased along with 

PRS for each of the three diseases. These results also provided the insight that PRS was not 

only valuable to identify the high PRS group, but also informative for further stratification 

among participants with low to intermediate PRS and among participants within the 

commonly categorized high PRS group (> 80% PRS).

In this study we also examined the characteristics of the extreme tails of the PRS 

distributions (PRS > 99%). We observed a sharply increased risk in this extremely high PRS 

group that deviates greatly from the rest of the population, which was consistent with 

previous reports15,25. Interestingly, the trend that higher PRS could lead to larger ARR from 

lifestyle adherence still held for this extremely high PRS group. And strikingly, based on our 

enhanced PRS, we were able to identify 1% (PRS > 99%) of the population that could get 

4.5%, 7.2%, and 12.4% ARR from lifestyle adherence for CAD, AF, and T2D, respectively.
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Besides, in addition to the traits analyzed by Khera et al and Said et al18,19, we also 

considered intermediate traits, namely blood lipid levels (LDL-C, TG, TC). Although blood 

lipid levels have been implicated in CVD risk for some time30, to our knowledge, our 

current study is the first to investigate the interactions between genetic risk and combined 

lifestyle on blood lipid levels through PRS. Consistent with previous studies14,31, poorer 

lifestyle and higher PRS could lead to higher levels of LDL-C, TG, and TC. Among three 

types of lipids, being the only one of the diagnosis items of metabolic syndrome32, TG 

appeared to be most responsive to lifestyle modification. This was also in line with the 

ACC/AHA Guideline where the main target of lifestyle therapies was metabolic 

syndrome32. And among the four individual lifestyle components, BMI played the most 

prominent role, as long recognized33. Additionally, we observed that people in all groups, 

either with higher or lower PRS, could benefit to an extent from lifestyle adherence in terms 

of lipids reduction. More specifically, we identified a positive significant interaction between 

continuous PRS and lifestyle for TG (Table IX in Data Supplement), suggesting people with 

higher PRS could benefit more from lifestyle modification in terms of TG reduction. While 

the effect of lifestyle factors on TG is well-established and unsurprising32, it is not expected 

that the effect is dependent on genetic factors and that this is not present for cholesterol 

(which is also influenced by genetic and lifestyle factors32). Furthermore, we also observed 

that the genetic burden on these lipid levels could not be completely overcome by lifestyle 

modification. For the group with extremely high PRS (> 99%), even with an ideal lifestyle, 

the mean levels of TC and LDL-C were still within an undesired range with high risk, and 

the mean level of TG was also at a broadline high designation. These findings suggest that 

lifestyle modification is likely to be adequate for people with low-middle PRS, especially for 

the management of TG; but more interventions (e.g. frequent surveillance, pharmaceutical 

interventions and more intense lifestyle interventions) are required for people with high PRS 

to manage LDL-C and TC. This also adds the justification that for high risk individuals, the 

strategy combining lifestyle and lipid lowering drug treatment since the start may be 

superior to the strategy stepping from lifestyle to drug therapy when the former fails34,35.

We note several limitations of this study. First, although we have used enhanced PRSs with 

better prediction performance than other PRSs, the prediction capacities of PRSs are still 

moderate. The AUCs of using PRS alone in our study for three diseases ranged from 0.63 to 

0.65, which were much lower than AUCs (0.75–0.80) of using comprehensive clinical 

prediction models as reported by previous studies36–38. And the lipids PRS could only 

explain < 10% variation of lipid levels, which were also relatively poor. Further development 

of risk prediction models incorporating other predictors could improve the performance and 

making these models relevant for clinical studies. Second, a causal relationship cannot be 

inferred between lifestyle and cardiovascular phenotypes given this study design39, 

especially in the analysis of blood lipid, where the chronological order of lifestyle status and 

lipid levels was unknown. Third, since large-scale GWAS summary statistics for stroke and 

heart failure independent of UKBB were unavailable, we only considered CAD and AF 

within the list of CVDs. Thus, future research is needed to investigate the interactions 

between PRS and lifestyle for all-cause CVD. Another limitation is that we used self-

reported characteristics for lifestyle factors such as physical activity, smoking and diet 

status, which might be inaccurate and reduced the power of our study. In addition, although 
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we analyzed the association of diseases/traits with lifestyle in PRS groups stratified by sex 

and found the results were generally similar to the combined analysis, PRS constructed 

based on sex-specific GWAS are required to further investigate possible sex-differences in 

the interactions between genetic risk and lifestyle factors40–42. Finally, the present analyses 

were performed only on individuals of white British descent, and the UKBB participants 

were reported to be possibly healthier than the general population43, which together would 

decrease the generalizability of our results to other study populations.

In conclusion, genetic risk and combined lifestyle are independently associated with the 

risks of CAD, AF, and T2D with regard to the log scale of HR. However, individuals at high 

genetic risk could derive greater benefit from lifestyle adherence in terms of the 

management of lipid levels and diseases absolute risk reductions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations and Acronyms

CVD cardiovascular diseases

GWAS genome-wide association studies

T2D type 2 diabetes

PRS polygenic risk scores

CAD coronary artery disease

AF atrial fibrillation

UKBB UK Biobank

CS continuous shrinkage

TC total cholesterol

TG triglyceride

LDL-C low-density lipoprotein cholesterol

BMI body mass index

HRs hazard ratios
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ARR absolute risk reduction

ARIC Atherosclerosis Risk in Communities study
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Figure 1. 
Performance of polygenic risk scores (PRS) by different methods. Candidates PRS were 

generated using four PRS methods (P+T, LDpred, PRS-CS, and AnnoPred). Tuning 

parameters of each method were selected in the training set, and the predictive performance 

using the optimal tuning parameters was then assessed in the testing set. The prediction 

accuracy was measured by area under the receiver operator curve (AUC) and was provided 

with 95% CI.
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Figure 2. 
Relative risk of coronary artery disease, atrial fibrillation, and type 2 diabetes stratified by 

the combination of genetic and lifestyle factors. We partitioned the testing set into 30 groups 

according to their PRS percentile (10 genetic risk bins) and lifestyle status (three lifestyle 

bins). The hazard ratios (HRs) were calculated by comparing each group to the group with 

40%−60% PRS and intermediate lifestyle. All HRs were adjusted by age, sex and first four 

genetic principal components and were provided with their corresponding 95% CI. Y-axis 

was on log-scale.
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Figure 3. 
Incident events of coronary artery disease, atrial fibrillation, and type 2 diabetes stratified by 

the combination of genetic and lifestyle factors. We partitioned the testing set into 21 groups 

according to their PRS percentile (7 genetic risk bins) and lifestyle status (three lifestyle 

bins). The absolute risk in each group was calculated as the incident rate of each disease in 

the group, and the absolute risk reduction (ARR) reflected the reduction of absolute risk 

when changing the lifestyle status from poor to ideal within the same PRS group.
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Figure 4. 
Lipid levels stratified by the combination of genetic and lifestyle factors. We partitioned the 

testing set into 30 groups according to their PRS percentile (10 genetic risk bins) and 

lifestyle status (three lifestyle bins). The mean level of lipid in each group was provided with 

its associated standard error (SD). Different background color indicated different designation 

according to the recommendation by the National Cholesterol Education Program (NCEP). 

Green, yellow and red indicated normal, border high, and high designation, respectively.
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Table 1:

Baseline characteristics of the testing set

Characteristics Testing Set
(N = 183,168)

Age at recruitment, mean (SD), years 56.81 (8.00)

Number of females (%) 98,611 (53.84)

Years in education, mean (SD), years 15.08 (5.05)

Townsend deprivation index at recruitment, mean (SD) −1.63 (2.90)

Annual household Income, No. (%), £

 <18,000 32,481 (17.73)

 18,000 – 30,999 40,213 (21.95)

 31,000 – 51,999 41,952 (22.90)

 52,000 – 100,000 34,158 (18.65)

 >100,000 9,223 (5.04)

 Unknown 25,141 (13.73)

Smoking, No. (%)

 Ideal (Never) 101,012 (55.14)

 Intermediate (Former) 65,762 (35.90)

 Poor (Current) 16,394 (8.95)

Body mass index, No. (%)

 Mean (SD) 27.30 (4.71)

 Ideal (< 25 kg/m2 & ≥ 18.5 kg/m2) 60,913 (33.26)

 Intermediate (< 30 kg/m2 & ≥ 25 kg/m2) 77,966 (42.57)

 Poor (≥ 30 kg/m2) 42,802 (23.37)

 Exclusion (missing or < 18.5 kg/m2) 1,487 (0.81)

Physical activity, No. (%)

 Ideal (regular physical activity) 89,309 (48.76)

 Intermediate (some physical activity) 53,613 (29.27)

 Poor (limited physical activity) 40,246 (21.97)

Diet, No. (%)

 Ideal (adequate intake of >5 dietary components) 27,643 (15.09)

 Poor (inadequate intake of >5 dietary components) 155,525 (84.91)

Combined lifestyles, No. (%)

 Ideal (≥ 3 lifestyle factors in Ideal status) 29,080 (15.88)

 Intermediate (2 lifestyle factors in Ideal status) 138,410 (75.56)

 Poor (≤ 1 lifestyle factors in Ideal status) 15,678 (8.56)
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