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Abstract
Background
Few studies have examined associations between genetic risk for type 2 diabetes (T2D), lifestyle, clinical risk factors, and cardiovascular disease (CVD). We aimed to investigate the association of and potential interactions among genetic risk for T2D, lifestyle behavior, and metabolic risk factors with CVD.

Methods
A total of 345,217 unrelated participants of white British descent were included in analyses. Genetic risk for T2D was estimated as a genome-wide polygenic risk score constructed from > 6 million genetic variants. A favorable lifestyle was defined in terms of four modifiable lifestyle components, and metabolic health status was determined according to the presence of metabolic syndrome components.

Results
During a median follow-up of 8.9 years, 21,865 CVD cases (6.3%) were identified. Compared with the low genetic risk group, participants at high genetic risk for T2D had higher rates of overall CVD events, CVD subtypes (coronary artery disease, peripheral artery disease, heart failure, and atrial fibrillation/flutter), and CVD mortality. Individuals at very high genetic risk for T2D had a 35% higher risk of CVD than those with low genetic risk (HR 1.35 [95% CI 1.19 to 1.53]). A significant gradient of increased CVD risk was observed across genetic risk, lifestyle, and metabolic health status (P for trend > 0.001). Those with favorable lifestyle and metabolically healthy status had significantly reduced risk of CVD events regardless of T2D genetic risk. This risk reduction was more apparent in young participants (≤ 50 years).

Conclusions
Genetic risk for T2D was associated with increased risks of overall CVD, various CVD subtypes, and fatal CVD. Engaging in a healthy lifestyle and maintaining metabolic health may reduce subsequent risk of CVD regardless of genetic risk for T2D.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12933-022-01560-2.
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Background
Cardiovascular disease (CVD) is one of the leading causes of mortality, and has become a global public health concern [1]. As such, it is of particular importance to document cardiovascular (CV) risk factors and to establish effective strategies for prevention of CV complications. Both lifestyle and clinical metabolic risk factors play important roles in the complex mechanism of CVD. Studies have consistently reported CVD risk to be associated with lifestyle factors including obesity, smoking, insufficient physical activity, and unhealthy eating habits [2]. Metabolic syndrome (MetS) is a cluster of clinical factors that increase the risk of chronic metabolic diseases such as type 2 diabetes (T2D) and CVD [3]. Since MetS components can manifest during the asymptomatic preclinical period, their management can be an effective preventive strategy for CVD, as can lifestyle modification [4].
Despite recent advances in management of CV risk factors, CVD remains a serious complication of T2D [4]. Population-based epidemiologic studies have confirmed T2D and CVD to share many clinical risk factors, and hyperglycemia is itself significantly related to increased risk of CVD and CV mortality [5]. Moreover, individuals with T2D have two- to threefold increased risk of CV mortality over healthy individuals [6]. Recent advances in genome-wide association studies (GWAS) have provided more evidence for the relationship between diabetes and CVD from a genomic point of view, with several studies suggesting the diseases to share genetic components and genetic correlation [7, 8]. In addition, Mendelian randomization (MR) studies have demonstrated that genetic variants associated with fasting glucose, insulin resistance, and T2D have causal relationships with coronary heart disease and ischemic stroke [9, 10].
Over the last decade, the growth of large consortia and biobanks has enabled identification of numerous genetic variants associated with complex diseases. In addition, recent advances in statistical analytical approaches have facilitated the quantification of genetic risk for a specific disease. One such method is the polygenic risk score (PRS), which aggregates millions of common variants (predominantly single-nucleotide polymorphisms, SNPs), weighted by the impact of each allele on disease risk, into a simplified score; this method has emerged as a useful genetic marker for common diseases such as coronary artery disease (CAD) or T2D [11]. However, no studies to date have evaluated the association of genetic risk for T2D with risk of developing CVD. Furthermore, the development and progression of T2D and CVD alike are known to be driven by complex interactions between genetic predisposition and lifestyle acting on metabolic health status [12]. A previous study has shown that T2D PRS and lifestyle habits together have additive deleterious effects on T2D risk [13]. However, little is known about the interactions between genetic predisposition to T2D, lifestyle, and metabolic health in the context of CVD risk.
In this study, we aimed to investigate the association of genetic risk for T2D with subsequent risk of CVD using a T2D PRS constructed from more than six million SNPs genotyped in individuals participating in the UK Biobank study. We further examined the beneficial reduction in CVD risk provided by two modifiable factors, lifestyle habits and metabolic health profile, across groups stratified by genetic risk for T2D. We also examined whether the magnitude of the association between T2D PRS and CVD varies by age group.
Materials and methods
Study population
The UK Biobank is a large prospective observational cohort study that has recruited > 500,000 adults across 22 centers located throughout the United Kingdom. The full protocol of the UK Biobank study is publicly available, and the study design and measurement methods have been described elsewhere [14]. Participants aged 40–69 years were enrolled between 2006 and 2010 and were followed up with for subsequent health events. We excluded participants who had a prior history of CAD, ischemic stroke, hemorrhagic stroke, peripheral artery disease (PAD), atrial fibrillation/flutter, or heart failure (HF) at baseline (n = 42,633).
The UK Biobank was approved by the National Research Ethics Committee (June 17, 2011, extended on May 10, 2016 [RES reference 16/NW/0274]). Participants provided written informed consent allowing use of their samples and data for medical research purposes. The present research using the UK Biobank Resource was approved under Application Number 67855.
Genotyping and quality control
UK Biobank samples (version 3; March 2018) were genotyped for > 800,000 SNPs using either the Affymetrix UK BiLEVE Axiom array or the Affymetrix UK Biobank Axiom array. Imputation via IMPUTE2 was carried out centrally by UK Biobank researchers using the merged 1000 Genomes Project panel and UK 10K panel [15]. After imputation, variant-level quality control (QC) was performed by filtering SNPs on two criteria: (1) minor allele frequency < 0.01 and (2) imputation quality score < 0.3. A total of 9,505,768 imputed autosomal SNPs passed the QC criteria. Sample-level QC was performed by excluding samples on the basis of (1) participants identified as not of ‘White-British’ ancestry according to either self-report or principal component (PC) analysis of genetic ancestry, (2) mismatched sex, or (3) having second-degree or closer relatives also in the Biobank. After exclusion, 345,217 White-British participants were determined eligible for the genetic analyses.
Polygenic risk scores
The T2D and CAD PRSs utilized in this study were respectively derived from the DIAGRAM (DIAbetes Genetics Replication And Meta-analysis) [16] and the CARDIOGRAMplusC4D (Coronary Artery Disease Genome wide Replication and Meta-analysis plus the Coronary Artery Disease Genetics) consortium [17], and used pre-calculated weights previously derived by Khera et al. [11] with LDpred [18]. To determine the PRSs for each individual, we calculated the aggregated risk score as the weighted sum of risk alleles using PLINK 1.90 [19] and the beta coefficients.
Ascertainment of CVD outcomes
The primary outcome for our study was incident CVD, defined as the time to the first occurrence of a composite event inclusive of CAD, ischemic stroke, hemorrhagic stroke, PAD, HF, and atrial fibrillation/flutter. Cases of incident CVD were ascertained based on the recorded first occurrence of disease and on hospitalization records. Detailed information regarding CVD outcome is provided in Additional file 1: Table S1.
Ascertainment of variables
At enrollment, information on participants’ sociodemographic characteristics, health and medical history, and lifestyle factors was collected using a self-administered touchscreen questionnaire and in-person baseline interviews. During the interviews, height, body weight, waist, and hip circumference were measured by trained staff using standardized procedures.
According to the guidelines of the American Heart Association (AHA), four factors are considered to primarily define lifestyle behaviors: current smoking, obesity, physical activity, and eating habits [20, 21]. Smoking status was classified as current smoker or non-smoker. Obesity was defined as a body-mass index (BMI) ≥ 30 kg/m2 according to the World Health Organization international classification. With respect to physical activity, participants were classified as having a healthy lifestyle if they reported more than 5 days per week of moderate activity or vigorous activity. Eating habits were defined following recommendations on dietary priorities for CV health, which categorize common diet components as fruits, vegetables, whole grains, fish, dairy, refined grains, processed meats, unprocessed meats, and sugar-sweetened beverages. Eating habits were considered healthy if participants adhered to at least half of the dietary recommendations for CV health, as assessed by a food frequency questionnaire [22]. Collectively, lifestyle behaviors were categorized into three groups: unfavorable (0-1 healthy lifestyle factor) [1], intermediate (2 healthy lifestyle factors), and favorable (≥ 3 healthy lifestyle factors). Metabolic health status was identified according to the presence of the five components of MetS, based on criteria from the IDF consensus report [23]. Detailed definitions of lifestyle habits and metabolic health status are described in Additional file 1: Table S2.
During the baseline assessment visit, blood samples were obtained and processed according to standardized protocols [24]. The procedures for sampling and processing blood and urine samples have been described previously [25]. HbA1c was determined by high performance liquid chromatography using the Bio-Rad Variant II Turbo Analyzer. Glucose, lipid profiles, and inflammatory markers were determined using the Beckman Coulter AU5800 with the following assays: hexokinase analysis for HbA1c, CHO-POD analysis for total cholesterol, GPO-POD analysis for triglycerides, enzyme immunoinhibition analysis for high-density lipoprotein (HDL) cholesterol, enzymatic selective protection analysis for low-density lipoprotein (LDL) cholesterol, and immunoturbidimetric assays for lipoprotein (a) and high sensitivity C-reactive protein. More details regarding serum biomarker data are available on the UK Biobank website at https://​www.​ukbiobank.​ac.​uk.
Information regarding major comorbidities was obtained from (1) the self-report collected via in-person interview or touchscreen questionnaire at enrollment, (2) diagnostic or procedure codes in the electronic health records database linked to hospital admission records, and (3) the first occurrence of the comorbidity in the health outcomes database, which is linked with hospital in-patient records, death records, cancer registry, and primary care records (Additional file 1: Table S3). The Charlson Comorbidity Index (CCI) was calculated based on diagnostic codes [26]. Date and cause of death were extracted from death certificates held by the NHS Information Centre (England and Wales) and the NHS Central Register (Scotland).
Statistical analysis
The demographic characteristics of cases and non-cases were evaluated for difference using chi-square tests for categorical variables or independent t-tests for continuous variables. The incidence rate of CVD events is presented along with the rate of events per 1,000 person years. The associations of genetic risk, lifestyle, and metabolic health with CVD were evaluated using Cox proportional hazard regression models. Hazard ratios (HRs) of PRSs for CVD were used both as quantitative variables reported per one standard deviation (SD) and categorical variables defined as follows: low (0–19th percentile), intermediate (20–79th percentile), high (80–98th percentile), and very high (99th percentile). We considered the top 1% of the PRS distribution as a very high-risk group in light of the curve of cumulative incidence of prevalent disease over the PRS distribution (Additional file 1: Fig. S1). Multivariable Cox regression analyses were used to assess the main association with adjustment for age, sex, genotyping array, and the first ten PCs of genetic ancestry as confounding factors. The main association was also adjusted for Townsend deprivation index, income level, baseline blood pressure, lifestyle behavior, laboratory findings, CCI, and major comorbidities including hypertension, dyslipidemia, cancer, chronic liver disease, chronic lung disease, and chronic kidney disease.
First, we analyzed the association between T2D PRS risk group and subsequent risk for overall CVD and for each CVD subtype, taking the T2D PRS low-risk group as the reference group. Second, we assessed the interaction of genetic risk with lifestyle habits, genetic risk with metabolic health, and age with subsequent risk of overall CVD. To test for multiplicative interactions, we included two-factor interaction terms in the Cox regression models and tested their significance using likelihood ratios. Considering the sample size and associated statistical power, before proceeding with the interaction analysis including all factors of genetic risk, lifestyle, and metabolic profile, we first recategorized participants into two or three groups for each of the three aspects being considered: low and high genetic risk (bottom 80 percentile vs. top 20 percentile for T2D PRS), favorable and non-favorable lifestyle (favorable vs. intermediate or unfavorable), and metabolically healthy and unhealthy status (1 or less vs. 2 vs. 3 or more MetS components). We also conducted sensitivity analyses using different genetic risk categories to avoid an ad-hoc categorization. All analyses for the association between genetic risk, lifestyle, and metabolic health were adjusted for age, sex, genotyping array, and the first ten PCs of genetic ancestry.
Individuals were censored at the date of follow-up loss, the date of follow-up end (January 31, 2018 for England and Wales; November 30, 2016 for Scotland), or the date of death, whichever came first. Individuals with missing data were excluded from each model (Additional file 1: Table S3). Schoenfeld residuals and log minus log plots were used to assess the proportional hazard assumption. All statistical tests were two-sided, and P < 0.05 was defined as statistically significant. All statistical analyses were performed using PLINK 1.9 [19] and R (version 3.9.0).
Results
Population characteristics
In total, 345,217 participants who did not have prior CVD history were included in this study. The mean age of participants was 56.1 years, and 44.6% were men. Participants who had higher genetic risk for T2D exhibited higher prevalence of T2D and major chronic comorbidities except for cancer. Participants who had higher genetic risk for T2D were younger, had poor metabolic health profiles, and adhered to unfavorable lifestyles. Baseline demographics and clinical characteristics are shown in Table 1.Table 1Baseline characteristics of the study population


	 	Total
	T2D PRS

	Low
	Intermediate
	High
	Very high
	P value

	0–19th percentile
	20–79th percentile
	80–98th percentile
	99th percentile

	(n = 345,217)
	(n = 69,070)
	(n = 207,192)
	(n = 65,505)
	(n = 3450)

	Demographics & physical measurement
	 	 	 	 	 	 
	Age (years)
	56.1 ± 8.0
	56.2 ± 7.9
	56.0 ± 8.0
	56.0 ± 8.0
	55.8 ± 7.9
	< 0.001

	Male
	153,959 (44.6)
	30,870 (44.7)
	92,409 (44.6)
	29,127 (44.5)
	1553 (45.0)
	0.809

	Systolic blood pressure (mmHg)
	140.2 ± 19.6
	139.4 ± 19.7
	140.2 ± 19.6
	141.0 ± 19.6
	142.1 ± 19.3
	< 0.001

	Diastolic blood pressure (mmHg)
	82.5 ± 10.6
	82.0 ± 10.6
	82.5 ± 10.6
	83.0 ± 10.6
	83.7 ± 10.5
	< 0.001

	BMI (kg/m2)
	27.3 ± 4.7
	26.9 ± 4.5
	27.3 ± 4.7
	27.7 ± 4.8
	28.3 ± 5.1
	< 0.001

	Waist circumference (cm)
	89.8 ± 13.3
	88.7 ± 13.1
	89.8 ± 13.3
	90.8 ± 13.4
	92.5 ± 13.6
	< 0.001

	Townsend deprivation index
	− 1.62 ± 2.90
	− 1.65 ± 2.89
	− 1.62 ± 2.89
	− 1.61 ± 2.91
	− 1.53 ± 2.87
	0.003

	Income level
	 	 	 	 	 	< 0.001

	 Less than 18,000£
	61,532 (20.6)
	11,952 (20.0)
	37,084 (20.7)
	11,858 (21.0)
	638 (21.6)
	 
	 18,000 to 30,999£
	76,307 (25.6)
	15,166 (25.4)
	45,831 (25.6)
	14,556 (25.8)
	754 (25.5)
	 
	 31,000 to 51,999£
	80,527 (27.0)
	16,135 (27.0)
	48,344 (27.0)
	15,237 (27.0)
	811 (27.4)
	 
	 52,000 to 100,000£
	63,331 (21.2)
	13,046 (21.9)
	37,916 (21.2)
	11,740 (20.8)
	629 (21.2)
	 
	 Greater than 100,000£
	16,347 (5.5)
	3404 (5.7)
	9748 (5.4)
	3067 (5.4)
	128 (4.3)
	 
	Lifestyle and metabolic health
	 	 	 	 	 	 
	Lifestyle habits
	 	 	 	 	 	< 0.001

	 Favorable
	182,991 (55.0)
	38,009 (57.1)
	109,760 (55.0)
	33,562 (53.2)
	1660 (50.2)
	 
	 Intermediate
	111,276 (33.4)
	21,769 (32.7)
	66,812 (33.5)
	21,512 (34.1)
	1183 (35.8)
	 
	 Unfavorable
	38,450 (11.6)
	6805 (10.2)
	23,110 (11.6)
	8069 (12.8)
	466 (14.1)
	 
	Number of metabolic syndrome components
	 	 	 	 	 	< 0.001

	 0 component
	42,022 (14.0)
	9652 (16.0)
	25,187 (14.0)
	6889 (12.1)
	294 (9.8)
	 
	 1 component
	93,323 (31.1)
	20,157 (33.5)
	56,053 (31.1)
	16,326 (28.7)
	787 (26.3)
	 
	 2 components
	81,314 (27.1)
	15,980 (26.6)
	48,955 (27.2)
	15,619 (27.4)
	760 (25.4)
	 
	 3 or more components
	83,448 (27.8)
	14,390 (23.9)
	49,761 (27.7)
	18,142 (31.8)
	1155 (38.6)
	 
	Laboratory findings
	 	 	 	 	 	 
	HbA1c (%)
	5.4 ± 0.6
	5.4 ± 0.5
	5.4 ± 0.6
	5.5 ± 0.6
	5.6 ± 0.8
	< 0.001

	Fasting plasma glucose (mg/dL)
	91.7 ± 20.6
	90.4 ± 17.1
	91.6 ± 20.3
	93.3 ± 23.9
	96.0 ± 30.3
	 
	estimated GFR (ml/min/1.73m2)
	79.0 ± 14.0
	78.9 ± 13.8
	79.0 ± 14.0
	79.2 ± 14.2
	79.4 ± 14.5
	< 0.001

	Total cholesterol (mg/dL)
	223.7 ± 42.9
	223.9 ± 42.0
	223.7 ± 42.9
	223.5 ± 43.8
	223.3 ± 45.6
	0.168

	Triglyceride (mg/dL)
	154.5 ± 90.0
	147.4 ± 85.4
	154.3 ± 89.6
	161.8 ± 94.4
	171.0 ± 100.4
	< 0.001

	HDL-cholesterol (mg/dL)
	56.6 ± 14.7
	57.6 ± 14.8
	56.7 ± 14.7
	55.6 ± 14.5
	54.3 ± 14.6
	< 0.001

	LDL-cholesterol (mg/dL)
	140.1 ± 32.8
	139.9 ± 32.2
	140.1 ± 32.8
	140.3 ± 33.4
	140.5 ± 34.3
	0.014

	Baseline major comorbidity
	 	 	 	 	 	 
	Type 2 diabetes
	11,372 (3.5)
	1274 (1.9)
	6646 (3.4)
	3210 (5.2)
	242 (7.5)
	< 0.001

	Dyslipidemia
	48,196 (14.0)
	8461 (12.2)
	28,774 (13.9)
	10,343 (15.8)
	618 (17.9)
	< 0.001

	Hypertension
	90,707 (26.3)
	16,180 (23.4)
	54,454 (26.3)
	18,926 (28.9)
	1147 (33.2)
	< 0.001

	Chronic lung disease
	49,037 (14.2)
	9266 (13.4)
	29,629 (14.3)
	9618 (14.7)
	524 (15.2)
	< 0.001

	Chronic kidney disease
	4114 (1.2)
	732 (1.1)
	2484 (1.2)
	834 (1.3)
	64 (1.9)
	< 0.001

	Chronic liver disease
	3446 (1.0)
	635 (0.9)
	2032 (1.0)
	730 (1.1)
	49 (1.4)
	< 0.001

	Cancer
	40,497 (11.7)
	8171 (11.8)
	24,219 (11.7)
	7711 (11.8)
	396 (11.5)
	0.877

	Charlson comorbidity index
	0.48 ± 0.86
	0.46 ± 0.85
	0.48 ± 0.86
	0.51 ± 0.88
	0.54 ± 0.90
	< 0.001


Data are n (%) or mean (SD)
BMI: body-mass index; HDL: high-density lipoprotein; LDL: low-density lipoprotein; T2D: type 2 diabetes; PRS: polygenic risk score



Association of T2D PRS with CVD outcome
During the median 8.9-year (Interquartile range 8.3 to 9.5) follow-up period, we documented 21,865 (6.3%) instances of incident CVD, giving an overall incidence rate of 7.30 events per 1000 person-years (95% confidence interval (CI) 7.21–7.40). Compared to the group with lower T2D PRS, those with higher genetic risk exhibited a higher absolute incidence rate of CVD (Fig. 1, Additional file 1: Fig. S2). In the Cox regression analysis, T2D PRS was significantly associated with subsequent risk of CVD (HR 1.06 [95% CI 1.04–1.07] per one SD, P < 0.001). Of CVD outcomes, the strongest risk was observed for PAD; CAD, atrial fibrillation, and HF also showed significantly increased risk as PRS for T2D increased. On the other hand, there was no significant relationship of T2D PRS with ischemic stroke or hemorrhagic stroke (Fig. 2). Notably, the significant association of higher genetic risk of T2D with risk of CVD persisted even after adjustment for socioeconomic factors, baseline blood pressure, BMI, lifestyle behaviors, T2D, and other major comorbidities (Additional file 1: Tables S4–5). However, this association was attenuated after further adjustment for HbA1c, lipid profiles, renal function, and C-reactive protein. We further related T2D PRS with the PRS for CAD, which constituted the largest portion of CVD events in this study. The two scores exhibited a Pearson correlation coefficient of 0.062, and the concordance among risk groups was 44.5% (Additional file 1: Fig. S3, Additional file 1: Table S6). Notably, after adjustment for CAD PRS, the risk of CVD was still significantly increased in those participants having high genetic risk for T2D (Additional file 1: Table S5, model 3).[image: ]
Fig. 1A CVD incidence rates according to the risk groups of T2D PRS. B Hazard plot for CVD risk according to the risk group of T2D PRS. T2D PRS risk groups: low (0–19th percentile), intermediate (20–79th percentile), high (80–98th percentile), and very high (99th percentile). Error bars represent 95% CI of estimated cumulative incidence. CVD: cardiovascular disease; T2D: type 2 diabetes; PRS: polygenic risk score; HR: hazard ratio; CI: confidence interval

[image: ]
Fig. 2Hazard ratio for overall and subtypes of cardiovascular outcome according to T2D PRS risk group. CVD: cardiovascular disease; T2D: type 2 diabetes; PRS: polygenic risk score; HR: hazard ratio; CI: confidence interval; SD: standard deviation


In total, 1963 (0.6%) participants died due to CVD during the follow-up period. Compared to those at low genetic risk, participants with higher genetic risk for T2D had a higher rate of CV mortality (Additional file 1: Table S7), and those having very high genetic risk had 1.6-fold increased risk of CV mortality (Additional file 1: Table S8).
Influence of T2D PRS, lifestyle behaviors, and metabolic health on CVD risk
Compared with participants who had low genetic risk for T2D and adhered to a favorable lifestyle, the HR of those having very high genetic risk and unfavorable lifestyle was 2.69 (95% CI 2.05–3.52). In addition, participants at the highest expected risk—those having very high genetic risk for T2D, non-favorable lifestyle, and poor metabolic health—exhibited substantially increased CVD risk, at 6.5 times higher than that of participants having the lowest expected risk (low T2D PRS, favorable lifestyle, and no component of metabolic syndrome) (Additional file 1: Table S9, P for trend < 0.001).
Overall, adherence to a favorable lifestyle reduced risk of CVD by 47% (Additional file 1: Table S10). Subgroup analyses revealed this risk reduction to occur regardless of genetic risk group; that is, metabolic health and a favorable lifestyle reduced subsequent risk of CVD by 52% among those with high genetic risk and by 56% in those with low genetic risk (Fig. 3, P for interaction = 0.147). Even for participants in the top 20 percentile for genetic risk of T2D who also had three or more components of metabolic syndrome, adherence to a favorable lifestyle significantly reduced risk for CVD by 22%. Sensitivity analyses which used different risk categories for low/high genetic risk did not differ in terms of the main associations (Additional file 1: Tables S13–14). Notably, the risk reduction conferred by lifestyle behaviors or metabolically healthy status was higher in the young age group (Additional file 1: Figs. S5–6). The population attributable fraction (PAF) of lifestyle modification from non-favorable to favorable was 17.2% (95% CI 16.0–18.4%), and that of metabolic health (two or more components to zero or one) was 31.1% (95% CI 29.7–32.5%). Both PAFs were greater in the young age group than in the elderly (Additional file 1: Table S15).[image: ]
Fig. 3Forest plot for cardiovascular disease risk reduced by metabolic health status and lifestyle behavior in high and low genetic risk group for type 2 diabetes. Participants were categorized according to type 2 diabetes genetic risk into the following two subgroups: low (0–80th percentile), high (80–99th percentile). MetS, metabolic syndrome; HR, hazard ratio; CI, confidence interval


Discussion
In this prospective cohort study, we comprehensively investigated the association between T2D genetic risk, lifestyle, metabolic health, and subsequent risk for CVD in middle-aged participants without prior history of CVD. Our results showed that compared with those at low genetic risk, participants at very high genetic risk for T2D, equivalent to the top 1% of the total population, had 35% higher risk of subsequent overall CVD during the nine-year follow-up period. T2D PRS was also significantly associated with multiple CVD subtypes, such as PAD, HF, atrial fibrillation/flutter, and CV mortality. Adherence to a favorable lifestyle and metabolically healthy status had the effect of reducing risk for CVD events regardless of T2D genetic risk. These risk reductions were stronger in the young age group than in the old age group.
Previous studies have investigated shared genetic components and the causal relationship between T2D and CVD. Several recent GWASs have identified polymorphisms in insulin receptor substrate 1 (IRS1) for which the diabetogenic allele is associated with increased coronary heart disease (CHD) risk at genome-wide significance [7, 27, 28]. Genetic variants associated with T2D risk factors such as glycemic variability or polymorphisms in angiotensin converting enzyme 2 (ACE2) have shown pleiotropic effects, including increased risk of CVD [29]. In addition, several MR studies have confirmed the causal relationship of T2D or its risk factors with coronary heart disease, myocardial infarction. Stephanie et al. demonstrated SNPs associated with HbA1C and diabetes to also be associated with increased risk of CAD [9]. Ahmad et al. suggested that in individuals without diabetes, genetic variants for fasting glucose are associated with increased risk of CHD [30]. Zhao et al. found that individuals having 16 variants associated with T2D also have significantly higher risk for ease [8]. Likewise, an MR study from the China Kadoorie Biobank identified causality of T2D for CHD using 48 T2D-associated SNPs [10]. In line with previous studies, our results demonstrated that genetic risk of T2D, calculated as the weighted sum of more than 6 million common variants and their respective associations with T2D, is significantly associated with increased subsequent risk of overall CVD. This association was not attenuated after adjustment for socioeconomic factors and major comorbidities that could cause confounding effects. However, adjustment for glycemic status, lipid profiles, renal function, and inflammatory markers did attenuate the association between T2D PRS and CVD, indicating the possibility of a causal pathway by which the genetic effect of T2D on CVD risk can be mediated. In our findings, adjustment for CAD PRS did not influence the main association. Although a previous report suggested the existence of a positive genetic correlation between T2D and CAD, identified using Linkage disequilibrium score regression, there was no significant correlation between T2D PRS and CAD PRS in our study [31]. Several studies have demonstrated that an integrative PRS representing multiple markers or diseases can be more helpful in disease prediction than a PRS developed for a single marker or disease. Therefore, we can expect that applying T2D PRS for stratification of CVD risk can additionally screen individuals at high risk of CVD that cannot be detected using CAD PRS alone.
A previous report indicated predisposition to CHD to be strongly associated with atherosclerotic burden in individuals with T2D, independent of traditional clinical risk factors [32]. We found that not only the risk of atherosclerotic CVD (ASCVD) subtypes such as CAD and PAD but also that of non-ASCVD subtypes including HF and atrial fibrillation/flutter was significantly higher in individuals with higher genetic risk for T2D. To the best of our knowledge, no report has yet indicated that genetic risk for T2D relates to non-ASCVD outcomes such as HF or arrhythmia; moreover, few studies have examined genetic risk of T2D and its relation to CV mortality. The underlying pathophysiology of increased risk for T2D can be attributed to structural, electrical/electromechanical, and autonomic changes [33], which may also have CV implications. One case–control study reported significant association of a genetic risk score for T2D with multi-vessel disease and severe CAD [34]; another reported T2D-associated variant to show borderline significant or insignificant association with mortality [35]. Both of these studies enrolled a relatively small number of subjects, used only tens or hundreds of SNPs, and featured relatively short follow-up periods. A recent study demonstrated diabetes to be associated with worse long-term outcomes in young adults after early-onset myocardial infarction. Given the aggressive nature of premature CVD and the impact of T2D PRS on age of CVD onset, high genetic predisposition for T2D may adversely affect prognosis for CVD [36]. Our findings indicate that T2D PRS is not associated with ischemic or hemorrhagic stroke. Unlike the consistent reports regarding association of T2D-related genetic risk with CHD, conflicting results have been reported on the association of genetic risk for T2D or T2D-related markers with stroke outcome [37, 38]. Further studies are needed to clarify this relationship.
While several studies have separately considered association of cardiometabolic abnormalities with genetic risk, lifestyle habits [39, 40], and metabolic profiles [12], none to date have systematically approached the relationship of lifestyle and metabolic health factors with genetic risk for T2D. In our study, individuals who had high genetic predisposition to T2D, adhered to a poor lifestyle, and were metabolically unhealthy had over sixfold increased risk of subsequent CVD events. Our results present a graded increment of risk according to the combination of genetic, lifestyle, and metabolic health factors. When individuals adhered to a favorable lifestyle and maintained metabolically healthy status, they evidenced no significantly increase in CVD risk regardless of genetic risk for T2D. However, even among individuals practicing a favorable lifestyle, having one or more adverse metabolic profile components was associated with significant increased risk of CVD; this relation was also irrespective of genetic risk for T2D. Previous studies have shown that lifestyle influences cardiometabolic phenotype beyond the effect of polygenic risk [41]. These findings support that additional reduction of CVD risk can be achieved through intensive treatment for metabolic health with lifestyle modification in both high and low genetic risk groups. As the risk reduction effects were more prominent in the young age group, early screening of genetic risk and intensive intervention regarding lifestyle and metabolic factors in high-risk young individuals could be an effective strategy for maximizing CVD risk reduction.
Although clinical risk prediction models are among the strategies suggested for CVD prevention, these models frequently do not provide sufficient precision at the individual level [42]. PRSs have considerable promise as screening methods for preventive medicine [43]. Using a PRS, we can obtain information predictive of genetic risk early in life, and can provide risk stratification on the basis of only a single measurement. Consequently, individuals at high risk for CV events can be provided with opportunities for early targeted prevention prior to the manifestation of clinical factors [44]. In the present work, we confirmed that genetic predisposition to T2D significantly contributes to CVD risk and interacts with lifestyle and metabolic health in relation to CVD events. Numerous studies have been published on the beneficial effects of multidisciplinary intervention by healthcare providers to promote favorable lifestyles and metabolic health [45]. However, due to limited medical resources, intensive multidisciplinary interventions to improve CV outcomes cannot be provided to all individuals. Previous studies have constantly demonstrated that beginning intervention very early can be effective in preventing chronic disease over the life course [46–48]. Using PRSs, lifestyles and metabolic health can be optimized from infancy, and genetic information can potentially influence motivation for disease prevention from very early in a patient’s life [49]. In our study, individuals with high T2D PRS tended to exhibit poor lifestyle behavior and metabolic health compared to those with lower T2D PRS, and risk reduction was more prominent in younger adults, suggesting a promising possibility that early-life intervention among those at high genetic risk of T2D will bring additional CV benefits. However, PRS-based risk estimation has been suggested to have some limitations in its application to clinical action, including the merely modest contribution of PRS to disease risk and imprecision of risk estimates [50]. In addition, there are as of yet no intervention studies or clinical trials demonstrating evidence for improved outcomes following PRS-based risk assessment. It remains necessary to validate in future studies the clinical utility and cost-effectiveness of early-life interventions guided by new prevention strategies based on genomic analyses.
Limitations
The strengths of this study include an overall large sample and its comprehensive evaluation of genetic, lifestyle, and clinical factors, which allowed multifactorial stratification of CVD risk. Another major strength is its prospective design.
Several limitations of our study should also be considered. First, since UK Biobank participants consist of relatively healthy individuals with high socioeconomic class, they may not be fully representative of the general UK population. However, given the characteristics of the study population, the contributions of genetic risk, lifestyle, and metabolic parameters quantified here may be underestimated compared to the general population. Therefore, the potential benefit of adherence to a favorable lifestyle or metabolic health may in fact be greater. Second, the study population was restricted to participants of European ancestry aged 40 to 69 at baseline, and this association has not been validated in an independently ascertained population. Further research is warranted to investigate the degree to which these findings can be generalized to other populations. Third, lifestyle and metabolic health factors were assessed at a single time point, which did not take into account changes before or after assessment. Fourth, information regarding lifestyle behaviors was based on self-reported measures while the definition of CV outcomes was based on clinical diagnostic codes, both of which could lead to misclassification bias. Fifth, there is the possibility of unmeasured confounding factors and reverse causation bias for the relationship between genetic, lifestyle, and metabolic factors.
Conclusions
In summary, our findings indicate that genetic risk for T2D is associated with risk of overall CVD, of diverse CVD subtypes, and of fatal CVD. In addition, adherence to a healthy lifestyle or maintaining metabolically healthy status is associated with lower risk of subsequent CVD events even in those having high genetic risk for T2D. These risk reductions were most prominent in younger participants (50 years or younger). These findings support the potential beneficial effect of using T2D PRS to triage intensive interventions to optimize personalized prevention and improve CV health. Further studies are needed to clarify the impact of an intensive intervention and the cost-effectiveness of this approach using routine genetic testing.
Acknowledgements
The authors thank the participants who contributed their data in the UK Biobank study.

Author contributions
J-SY developed the study design, wrote the manuscript, and analyzed and interpreted data. S-HJ analyzed data, interpreted data, and contributed to discussion. MS analyzed data and revised the manuscript. BX revised the manuscript. AVK, H-HW, and DK interpreted results, contributed to discussion, and revised the manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by a National Research Foundation of Korea (NRF) Grant funded by the Korea government (MSIT) (No. 2022R1A2C2009998) and by the National Institute of General Medical Sciences (NIGMS) R01 GM138597.

Availability of data and materials
The UK Biobank dataset was obtained from the UK Biobank (Application Number 67855), and a full list of the variables are available online. Data cannot be shared publicly due to the violation of patient privacy and the absence of informed consent for data sharing.

Declarations
Ethics approval and consent to participate
The UK Biobank was approved by the National Research Ethics Committee (June 17, 2011 [RES reference 11/NW/0382]; extended on May 10, 2016 [RES reference 16/NW/0274]). Participants provided written informed consent allowing use of their samples and data for medical research purposes. This research using the UK Biobank Resource was approved under Application Number 67855.

Consent for publication
The manuscript was approved by all authors for publication.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Stanaway JD, Afshin A, Gakidou E, Lim SS, Abate D, Abate KH, et al. Global, regional, and national comparative risk assessment of 84 behavioural, environmental and occupational, and metabolic risks or clusters of risks for 195 countries and territories, 1990–2017: a systematic analysis for the Global Burden of Disease Study 2017. The Lancet. 2018;392(10159):1923–94.

	2.
Lv J, Yu C, Guo Y, Bian Z, Yang L, Chen Y, et al. Adherence to healthy lifestyle and cardiovascular diseases in the Chinese population. J Am Coll Cardiol. 2017;69(9):1116–25.PubMedPubMedCentral

	3.
Dekker JM, Girman C, Rhodes T, Nijpels G, Stehouwer CD, Bouter LM, et al. Metabolic syndrome and 10-year cardiovascular disease risk in the Hoorn Study. Circulation. 2005;112(5):666–73.PubMed

	4.
Grundy SM, Cleeman JI, Daniels SR, Donato KA, Eckel RH, Franklin BA, et al. Diagnosis and management of the metabolic syndrome: an American Heart Association/National Heart, Lung, and Blood Institute scientific statement. Circulation. 2005;112(17):2735–52.PubMed

	5.
Collaboration ERF. Diabetes mellitus, fasting blood glucose concentration, and risk of vascular disease: a collaborative meta-analysis of 102 prospective studies. Lancet. 2010;375(9733):2215–22.

	6.
Morrish N, Wang S-L, Stevens L, Fuller J, Keen H. Mortality and causes of death in the WHO Multinational Study of Vascular Disease in Diabetes. Diabetologia. 2001;44(2):S14–21.PubMed

	7.
Jansen H, Loley C, Lieb W, Pencina MJ, Nelson CP, Kathiresan S, et al. Genetic variants primarily associated with type 2 diabetes are related to coronary artery disease risk. Atherosclerosis. 2015;241(2):419–26.PubMedPubMedCentral

	8.
Zhao W, Rasheed A, Tikkanen E, Lee J-J, Butterworth AS, Howson JM, et al. Identification of new susceptibility loci for type 2 diabetes and shared etiological pathways with coronary heart disease. Nat Genet. 2017;49(10):1450–7.PubMedPubMedCentral

	9.
Ross S, Gerstein HC, Eikelboom J, Anand SS, Yusuf S, Paré G. Mendelian randomization analysis supports the causal role of dysglycaemia and diabetes in the risk of coronary artery disease. Eur Heart J. 2015;36(23):1454–62.PubMed

	10.
Gan W, Bragg F, Walters RG, Millwood IY, Lin K, Chen Y, et al. Genetic predisposition to type 2 diabetes and risk of subclinical atherosclerosis and cardiovascular diseases among 160,000 Chinese adults. Diabetes. 2019;68(11):2155–64.PubMedPubMedCentral

	11.
Khera AV, Chaffin M, Aragam KG, Haas ME, Roselli C, Choi SH, et al. Genome-wide polygenic scores for common diseases identify individuals with risk equivalent to monogenic mutations. Nat Genet. 2018;50(9):1219–24.PubMedPubMedCentral

	12.
Li M, Xu Y, Wan Q, Shen F, Xu M, Zhao Z, et al. Individual and combined associations of modifiable lifestyle and metabolic health status with new-onset diabetes and major cardiovascular events: the China cardiometabolic disease and cancer cohort (4C) study. Diabetes Care. 2020;43(8):1929–36.PubMed

	13.
Said MA, Verweij N, van der Harst P. Associations of combined genetic and lifestyle risks with incident cardiovascular disease and diabetes in the UK Biobank Study. JAMA Cardiol. 2018;3(8):693–702.PubMedPubMedCentral

	14.
Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, et al. The UK Biobank resource with deep phenotyping and genomic data. Nature. 2018;562(7726):203–9.PubMedPubMedCentral

	15.
Howie BN, Donnelly P, Marchini J. A flexible and accurate genotype imputation method for the next generation of genome-wide association studies. PLoS Genet. 2009;5(6): e1000529.PubMedPubMedCentral

	16.
Scott RA, Scott LJ, Mägi R, Marullo L, Gaulton KJ, Kaakinen M, et al. An expanded genome-wide association study of type 2 diabetes in Europeans. Diabetes. 2017;66(11):2888–902.PubMedPubMedCentral

	17.
Nikpay M, Goel A, Won H-H, Hall LM, Willenborg C, Kanoni S, et al. A comprehensive 1000 Genomes-based genome-wide association meta-analysis of coronary artery disease. Nat Genet. 2015;47(10):1121.PubMedPubMedCentral

	18.
Vilhjálmsson BJ, Yang J, Finucane HK, Gusev A, Lindström S, Ripke S, et al. Modeling linkage disequilibrium increases accuracy of polygenic risk scores. Am J Hum Genet. 2015;97(4):576–92.PubMedPubMedCentral

	19.
Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al. PLINK: a tool set for whole-genome association and population-based linkage analyses. Am J Hum Genet. 2007;81(3):559–75.PubMedPubMedCentral

	20.
Lloyd-Jones DM, Hong Y, Labarthe D, Mozaffarian D, Appel LJ, Van Horn L, et al. Defining and setting national goals for cardiovascular health promotion and disease reduction: the American Heart Association’s strategic Impact Goal through 2020 and beyond. Circulation. 2010;121(4):586–613.PubMed

	21.
Khera AV, Emdin CA, Drake I, Natarajan P, Bick AG, Cook NR, et al. Genetic risk, adherence to a healthy lifestyle, and coronary disease. N Engl J Med. 2016;375(24):2349–58.PubMedPubMedCentral

	22.
Mozaffarian D. Dietary and policy priorities for cardiovascular disease, diabetes, and obesity: a comprehensive review. Circulation. 2016;133(2):187–225.PubMedPubMedCentral

	23.
Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, et al. Harmonizing the metabolic syndrome: a joint interim statement of the international diabetes federation task force on epidemiology and prevention; national heart, lung, and blood institute; American heart association; world heart federation; international atherosclerosis society; and international association for the study of obesity. Circulation. 2009;120(16):1640–5.PubMed

	24.
Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, et al. UK biobank: an open access resource for identifying the causes of a wide range of complex diseases of middle and old age. PLoS Med. 2015;12(3): e1001779.PubMedPubMedCentral

	25.
Elliott P, Peakman TC. The UK Biobank sample handling and storage protocol for the collection, processing and archiving of human blood and urine. Int J Epidemiol. 2008;37(2):234–44.PubMed

	26.
Brusselaers N, Lagergren J. The Charlson comorbidity index in registry-based research. Methods Inf Med. 2017;56(05):401–6.PubMed

	27.
van der Harst P, Verweij N. Identification of 64 novel genetic loci provides an expanded view on the genetic architecture of coronary artery disease. Circ Res. 2018;122(3):433–43.PubMedPubMedCentral

	28.
Klarin D, Zhu QM, Emdin CA, Chaffin M, Horner S, McMillan BJ, et al. Genetic analysis in UK Biobank links insulin resistance and transendothelial migration pathways to coronary artery disease. Nat Genet. 2017;49(9):1392–7.PubMedPubMedCentral

	29.
Liu C, Li Y, Guan T, Lai Y, Shen Y, Zeyaweiding A, et al. ACE2 polymorphisms associated with cardiovascular risk in Uygurs with type 2 diabetes mellitus. Cardiovasc Diabetol. 2018;17(1):1–11.

	30.
Ahmad OS, Morris JA, Mujammami M, Forgetta V, Leong A, Li R, et al. A Mendelian randomization study of the effect of type-2 diabetes on coronary heart disease. Nat Commun. 2015;6(1):1–11.

	31.
Goodarzi MO, Rotter JI. Genetics insights in the relationship between type 2 diabetes and coronary heart disease. Circ Res. 2020;126(11):1526–48.PubMedPubMedCentral

	32.
Lu T, Forgetta V, Yu OH, Mokry L, Gregory M, Thanassoulis G, et al. Polygenic risk for coronary heart disease acts through atherosclerosis in type 2 diabetes. Cardiovasc Diabetol. 2020;19(1):1–10.

	33.
Wang A, Green JB, Halperin JL, Piccini JP. Atrial fibrillation and diabetes mellitus: JACC review topic of the week. J Am Coll Cardiol. 2019;74(8):1107–15.PubMed

	34.
Zheng Q, Jiang J, Huo Y, Chen D. Genetic predisposition to type 2 diabetes is associated with severity of coronary artery disease in patients with acute coronary syndromes. Cardiovasc Diabetol. 2019;18(1):1–11.

	35.
Leong A, Porneala B, Dupuis J, Florez JC, Meigs JB. Type 2 diabetes genetic predisposition, obesity, and all-cause mortality risk in the US: a multiethnic analysis. Diabetes Care. 2016;39(4):539–46.PubMedPubMedCentral

	36.
Zeitouni M, Clare RM, Chiswell K, Abdulrahim J, Shah N, Pagidipati NP, et al. Risk factor burden and long-term prognosis of patients with premature coronary artery disease. J Am Heart Assoc. 2020;9(24): e017712.PubMedPubMedCentral

	37.
Liu J, Rutten-Jacobs L, Liu M, Markus HS, Traylor M. Causal impact of type 2 diabetes mellitus on cerebral small vessel disease: a Mendelian randomization analysis. Stroke. 2018;49(6):1325–31.PubMedPubMedCentral

	38.
Larsson SC, Scott RA, Traylor M, Langenberg CC, Hindy G, Melander O, et al. Type 2 diabetes, glucose, insulin, BMI, and ischemic stroke subtypes: Mendelian randomization study. Neurology. 2017;89(5):454–60.PubMedPubMedCentral

	39.
Zhang Y-B, Pan X-F, Chen J, Cao A, Xia L, Zhang Y, et al. Combined lifestyle factors, all-cause mortality and cardiovascular disease: a systematic review and meta-analysis of prospective cohort studies. J Epidemiol Community Health. 2021;75(1):92–9.PubMed

	40.
Mottillo S, Filion KB, Genest J, Joseph L, Pilote L, Poirier P, et al. The metabolic syndrome and cardiovascular risk: a systematic review and meta-analysis. J Am Coll Cardiol. 2010;56(14):1113–32.PubMed

	41.
Iitake C, Masuda D, Koseki M, Yamashita S. Marked effects of novel selective peroxisome proliferator-activated receptor α modulator, pemafibrate in severe hypertriglyceridemia: preliminary report. Cardiovasc Diabetol. 2020;19(1):1–6.

	42.
Piepoli MF, Hoes AW, Agewall S, Albus C, Brotons C, Catapano AL, et al. Guidelines: Editor’s choice: 2016 European Guidelines on cardiovascular disease prevention in clinical practice: The Sixth Joint Task Force of the European Society of Cardiology and Other Societies on Cardiovascular Disease Prevention in Clinical Practice (constituted by representatives of 10 societies and by invited experts) Developed with the special contribution of the European Association for Cardiovascular Prevention & Rehabilitation (EACPR). Eur Heart J. 2016;37(29):2315.PubMedPubMedCentral

	43.
Guinan K, Beauchemin C, Tremblay J, Chalmers J, Woodward M, Tahir MR, et al. Economic evaluation of a new polygenic risk score to predict nephropathy in adult patients with type 2 diabetes. Can J Diabetes. 2021;45(2):129–36.PubMed

	44.
Figtree GA, Vernon ST, Nicholls SJ. Taking the next steps to implement polygenic risk scoring for improved risk stratification and primary prevention of coronary artery disease. Eur J Prev Cardiol. 2022;29(4):580–7.PubMed

	45.
Jennings C, Astin F. A multidisciplinary approach to prevention. Eur J Prev Cardiol. 2017;24(3_suppl):77–87.PubMed

	46.
Gillman MW. Primordial prevention of cardiovascular disease. Am Heart Assoc. 2015;131:599–601.

	47.
Hanson MA, Gluckman P. Early developmental conditioning of later health and disease: physiology or pathophysiology? Physiol Rev. 2014;94(4):1027–76.PubMedPubMedCentral

	48.
McGill HC, McMahan CA, Gidding SS. Are pediatricians responsible for prevention of adult cardiovascular disease? Nat Clin Pract Cardiovasc Med. 2009;6(1):10–1.PubMed

	49.
Lambert SA, Abraham G, Inouye M. Towards clinical utility of polygenic risk scores. Hum Mol Genet. 2019;28(R2):R133–42.PubMed

	50.
Lewis AC, Green RC, Vassy JL. Polygenic risk scores in the clinic: translating risk into action. Hum Genet Genomics Adv. 2021;2(4): 100047.



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/12933_2022_1560_Fig1_HTML.png
1Y
5 2 R
o o (=]

©
o

©
[S]

8.81
(7.78-9.94)

T

Genetic risk for T2D

— Low risk; Reference

— Intermediate risk; HR 1.08 (1.05-1.12)
— High risk; HR 1.16 (1.12-1.21)

— Very High risk; HR 1.30 (1.15-1.48)

1000 person-year (%)
o

CVD incidence rate per

o

o

g &\o/ P for trend <0.001

Og
7.84 § ® 50

(7.62-8.08) 5 9

S3

6.74 (7. 21-7 40) 23

¥ © O
(6.53-6.95) I S2 s
] 0.0

Low risk Intermediate risk High risk  Very high risk 0 2 4 6

Genetic risk for T2D Years of Follow-up





OEBPS/navigation.xhtml

    
      Contents


      
        		Polygenic risk for type 2 diabetes, lifestyle, metabolic health, and cardiovascular disease: a prospective UK Biobank study


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/12933_2022_1560_Fig3_HTML.png
Generic risk for
type 2 diabetes

High genetic risk
(Top 20 percentile)

Low genetic risk
(Bottom 80 percentile)

MetS subgroup

3 or more components

2 components

0 or 1 component

3 or more components

2 components

0 or 1 component

Lifestyle
subgroup

Nonfavorable
Favorable
Nonfavorable
Favorable
Nonfavorable
Favorable

Nonfavorable
Favorable
Nonfavorable
Favorable
Nonfavorable
Favorable

No. of Event/
Total No.

1204/12381
506/6054
591/7411
533/8431
396/7505

695/16120

3952/41170
1558/20161
2010/28734
2082/33882
1698/33441
2897/74584

Absolute risk (%)

9.73
8.36
7.98
6.32
5.28
4.31

9.60
7.3
7.00
6.15
5.08
3.88

0.3

0.5

1.0

Adjusted HR
(95% Cl)

Ref
0.78 (0.71-0.87)
0.83 (0.75-0.92)
0.62 (0.56-0.69)
0.61 (0.54-0.68)
0.48 (0.44-0.53)

Ref
0.72 (0.68-0.76)
0.74 (0.70-0.78)
0.61 (0.58-0.64)
0.60 (0.57-0.64)
0.44 (0.42-0.46)

Pvalue

<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001

P for
interaction

0.147





OEBPS/images/12933_2022_1560_Fig2_HTML.png
Overall CVD

Peripheral artery disease

Coronary artery disease
Heart failure

Atrial fibrillation/flutter
Ischemic stroke

Hemorrhagic stroke

0.9

1.0

1.2

HR (95% Cl)
Per SD

1.06 (1.04-1.07)

1.09 (1.05-1.14)
1.08 (1.06-1.10)
1.06 (1.02-1.10)
1.03 (1.00-1.06)
1.02 (0.98-1.06)

1.02 (0.97-1.09)

Low risk

Ref

Ref
Ref
Ref
Ref
Ref

Ref

HR (95% Cl)

Intermediate risk

1.10 (1.06-1.14)

1.12 (0.99-1.26)
1.12 (1.07-1.17)
1.16 (1.05-1.28)
1.05 (0.98-1.12)
1.08 (0.97-1.21)

1.09 (0.94-1.28)

High risk

1.19 (1.14-1.24)

1.40 (1.22-1.61)
1.23 (1.17-1.30)
1.18 (1.05-1.33)
1.10 (1.01-1.19)
1.07 (0.94-1.22)

1.16 (0.96-1.40)

Very high risk

1.35(1.19-1.53)

1.27 (0.83-1.96)
1.48 (1.27-1.72)
1.75 (1.29-2.38)
1.39 (1.10-1.76)
1.08 (0.71-1.64)

0.80 (0.39-1.61)





OEBPS/css/sidebar.gif





