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ABSTRACT 

 
Lifetime cardiovascular risk prediction model for 

low-risk population 

 

Hokyou Lee 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Hyeon Chang Kim) 

 

 

 

Background: Cardiovascular disease (CVD) prevention in young, 

apparently low-risk individuals is particularly complicated due to the 

scarcity of trial evidence for long-term therapeutic benefits and relatively 

short-term risk assessment strategies that result in underappreciation of 

potential life-long risk. However, the relative hazard contribution by high 

risk factor burden is greater at early than in later life, beyond which 

preventive therapies may not completely restore the risk to ideal level. To 

lay the foundation for early CVD prevention strategies, this thesis aimed 

to (1) describe the age-varying associations of risk factors with CVD 

events; and (2) develop and validate a lifetime CVD risk prediction model 

for the general Korean population, particularly for young, apparently low 

risk individuals, who may still have a substantial lifetime risk and potential 

benefit from CVD prevention. 

 

Methods: In 2004 and 2005, 10,718,183 Korean adults of age 20-89 years 

underwent routine NHIS health examinations. A 50% stratified random 

sample of this population was selected for model derivation, while the 

other 50% were held out for model validation. Cox regression models with 

age as time scale and time (age)-varying coefficients were used to describe 

the age-varying associations of systolic/diastolic blood pressure, body 

mass index, cholesterol, diabetes, and smoking with composite CVD 
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events (myocardial infarction, stroke, or cardiovascular death). Based on 

the age-varying coefficients, two complementary Fine-Gray models (one 

for CVD events and the other for non-cardiovascular death as the 

competing event) for each sex were derived for the prediction of 10-year 

and lifetime CVD risk. Internal (5-fold cross-validation), holdout, and 

external validations were conducted at 10 years for discrimination and 

calibration performances. 

 

Results: The derivation cohort included 4,894,098 participants (median 

age, 44 years; 56.9% male) without prior CVD. Before the age of 90 years, 

238,292 new CVD events and 285,721 non-CV deaths were recorded. The 

relative CVD risks associated with risk factors were generally greater at 

younger ages than at older ages. For example, hazard ratio per 1 standard 

deviation of systolic blood pressure was 1.57 in men and 1.75 in women 

at age 20-40 years and decreased thereafter; body mass index and diastolic 

blood pressure were associated with CVD events only at younger ages. 

The final competing risk-adjusted CVD risk prediction model was derived 

and validated. The C-index ranged from 0.821 to 0.854 for internal and 

holdout validations (age range, 20-80 years) and 0.701 to 0.763 for 

external validations (age range, 40-80 years). The predicted risks were in 

good agreement with the observed risks (ratio close to 1). 

 

Conclusion: The associations of risk factors with CVD events are not 

constant over lifetime; relative hazard contributions from risk factors are 

generally greater at younger ages. Based on the age-varying associations, 

a competing risk-adjusted lifetime CVD risk prediction model was 

developed and yielded promising performances in multiple validation sets. 

The model can be used to guide preventive strategies in young, low-risk 

patients whose 10-year risk may not fully reflect potential lifetime benefit 

from CVD prevention. 

 
                                                            

Key words : lifetime risk; prediction; prevention; personalized medicine  



3 

 

Lifetime cardiovascular risk prediction model for 

low-risk population 

 

Hokyou Lee 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Hyeon Chang Kim) 

 

 

 

I. INTRODUCTION 

Cardiovascular disease (CVD) is the leading cause of death worldwide.1 In 2018, 

cardiovascular (CV) mortality rate in Korea was 114.6 per 100,000 person-years 

among men and 130.8 per 100,000 person-years among women, exceeding one-

fifth of all-cause deaths in Korea.2 Although the overall CV mortality rates are 

declining in developed countries, the downtrends for premature CV deaths have 

been stagnant, or even reversed, in many countries.3,4 Furthermore, 

hospitalizations for CVD in Korea is increasing across all ages.5,6 Likewise, the 

prevalence of CVD risk factors including high blood pressure (BP), 

hypercholesterolemia, type 2 diabetes, and obesity is also gradually increasing, 

particularly among the younger population.5-9 Awareness and treatment rates for 

CVD risk factors have improved but not for all age groups, leaving a substantial 

proportion of young to middle-aged patients unaware or untreated for multiple 

risk factors.10-19 Young people rarely have imminent health concerns and may 

discount future risk (potentially decades away) that seems of intangible value 

today.18,20 However, prolonged, cumulative exposures to high risk factor burden 
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from early life independently contribute to CVD risk,21 such that later-life 

interventions may not restore the risk to ideal level.22,23 

The current international guidelines on the primary prevention of CVD 

recommend individualized assessment of CVD risk scores as thresholds for 

preventive therapies.24-28 However, the guidelines primarily focus on middle-aged 

to older individuals and 10-year risk scores largely driven by older age.29,30 As 

the majority of CVD events occur after mid-life, younger adults are unlikely to 

exceed 10-year risk thresholds for treatment recommendations even with multiple 

risk factors, whereas most older adults would have a high 10-year risk regardless 

of risk factor burden.31-36 On the other hand, the relative hazard contribution by 

risk factor is generally greater at younger ages than in later life.34,37-57 Not 

accounting for this “age-varying” association, combined with a fixed-time risk 

assessment regardless of age, may lead to underappreciation of the risk of 

premature CVD and the potential loss of healthy life-years in young to middle-

aged adults with high risk factor burden (Figure 1 and Figure 2). 

The American College of Cardiology/American Heart Association 

(ACC/AHA) Pooled Cohort Equation (PCE) is the most established 10-year CVD 

risk prediction model in the current literature.58 The model also calculates 30-

year risk (as a proxy for lifetime risk), which provides a greater time-horizon than 

10 years for younger individuals with low short-term risk. However, this method 

does not allow estimation of CVD-free life expectancy, comparison of lifetime 

risk between individuals of different ages, or adjustment for the competing risk 

of non-CV death, which may lead to overestimation of risk in very old individuals 

(Figure 3), for whom the use of PCE is not recommended.34 The QRISK259 and
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Figure 1. Schematic example of an age-varying association of risk factor with 

cardiovascular risk. (A) Relative hazard contribution from risk factor may be 

much greater at younger age than at older age. (B) For individuals with high risk 

factor burden, a risk model not accounting for the age-varying associations of 

risk factors with outcome may underestimate hazard rates at younger ages and 

overestimate hazard rates at older ages. CVD, cardiovascular disease; HR, 

hazard ratio. 
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Figure 2. Risk factor burden and cardiovascular risk by age. (A) Young adults 

with high risk factor burden may have low 10-year CVD risk but have substantial 

lifetime risk and potential benefit from CVD prevention. (B) Young adults may 

have higher lifetime risk than older individuals with similar or higher 10-year 

risks. CVD, cardiovascular disease. 
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the similar LIFE-CVD60 models provide competing risk-adjusted lifetime risk 

and CVD-free life expectancies for UK and European adults as young as 30 or 

45 years. However, the QRISK2 is clearly localized for use in the UK, whereas 

the LIFE-CVD model is not applicable to adults younger than 45 years. The 

Korean Risk Prediction Model (KRPM) is the most well-described (and perhaps 

the only) 10-year CVD risk assessment tool in Korea.61 The algorithm resembles 

that of the ACC/AHA-PCE and shares its limitations. Defining a risk threshold 

for the recommendation of preventive therapy is particularly challenging, because 

the 10-year CVD risk scores are generally low in Korean adults.61 

This thesis had two main objectives: (1) to describe the age-varying 

associations of risk factors with CVD events and their clinical implications in the 

Korean population; (2) to develop and validate a competing risk-adjusted CVD 

 

 
 
Figure 3. Impact of competing risk on the estimation of lifetime cardiovascular 

risk. Not accounting for the competing risk of non-cardiovascular death may lead 

to overestimation of CVD risk at old ages. CVD, cardiovascular disease. 
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risk model for both 10-year and lifetime risk prediction based on age-varying 

coefficients, with extended applicability to young and middle-aged adults, who 

are apparently at low risk for short-term events but may have substantial lifetime 

risk and potential benefit from CVD prevention. 
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II. MATERIALS AND METHODS 

1. Data source 

The primary data source was the national health information data (NHIS-2021-

1-162) of the NHIS, the single provider of mandatory health insurance for the 

entire South Korean population. The database contains sociodemographic details, 

reimbursement claims with International Classification of Disease, 10th edition 

(ICD-10) coding, general health check-up results, and death information. Details 

of the NHIS database have been published elsewhere.62-64 This study complied 

with the Declaration of Helsinki. The study protocol was approved by 

Institutional Review Board of Yonsei University Health System, Seoul, Korea 

(Approval No. Y-2020-0135). Informed consent was waived, as this is a 

retrospective study of de-identified administrative data. 

 

2. Study population 

A total of 10,718,183 adults aged 20 to 89 years underwent routine NHIS health 

examinations between 2004 and 2005. If a participant had multiple examinations 

during this period, the first record was used as the baseline. A 50% stratified 

random sample (n=5,359,091) of this population was selected for model 

derivation, while the other 50% were held out for model validation. After 

excluding participants with incomplete information (n=333,043) or prior CVD 

(n=131,950), a final derivation set of 4,894,098 participants resulted (Figure 4). 

Similarly, after excluding participants aged >80 years (n=26,118), with 

incomplete information (n=330,386), or prior CVD (n=129,279), a holdout 

validation set of 4,873,309 participants remained (Figure 4). 
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Figure 4. Flowchart of the study inclusion and exclusion criteria. CVD, cardiovascular disease. 



11 

3. Measurements and key variables 

Clinical and biochemical measurements and questionnaire-based lifestyle 

information were collected during biennial health examinations in centers 

designated and quality-controlled according to national laws and regulations. 

Details of health examinations are described elsewhere.63 Briefly, the collected 

variables included body mass index (BMI), blood pressure (BP), blood chemistry, 

tobacco use, alcohol consumption, and exercise frequency. Medication use14,65-67 

and Charlson Comorbidity Index (CCI)68,69 were determined from claims data 

during a look-back period of two years prior to the baseline examination. The 

presence of diabetes was defined as fasting glucose ≥126 mg/dL or taking 

glucose-lowering drugs.66,67 

Potential predictors to be included in the model were selected a priori 

based on their known associations with CVD events70 and inclusions in other 

prediction models.58-61,71-76 Table 1 summarizes the selected variables for this 

study in comparison with other risk prediction models. In addition to the 

traditional CVD risk factors—i.e., systolic blood pressure (SBP), total cholesterol, 

diabetes, and current smoking—included in most prediction models, BMI and 

diastolic blood pressure (DBP) were also considered, given their strong 

associations with CVD events in studies on younger populations.55,56,77,78 High-

density lipoprotein-cholesterol (HDL-C) was unavailable in the derivation cohort, 

as is often the case in routine clinical settings. The net reclassification 

improvement from HDL-C was small;79 the causal relevance of HDL-C level (as 

opposed to HDL function) has also been challenged by recent Mendelian 

randomization studies.80-83 
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Table 1. Variables in risk prediction models 

Variable FRS71 SCORE72 QRISK259 
LIFE-

CVD60 
PCE58 KRPM61 Current 

Age ● ● ● ● ● ● ● 

Sex ● ● ● ● ● ● ● 

SES/Region   ● ●    

FHx of CVD   ● ●    

Smoking ● ● ● ● ● ● ● 

BMI   ● ●   ● 

SBP ● ● ● ● ● ● ● 

DBP       ● 

BP med   ●  ● ● ● 

TC ● ● ● ● ● ● ● 

LDL-C ●       

HDL-C ● ● ● ● ● ●  

DM ●  ● ● ● ● ● 

BMI, body mass index; BP, blood pressure; DBP, diastolic blood pressure; DM, 

diabetes mellitus; FHx, family history; FRS, Framingham Risk Score; HDL-C, 

high-density lipoprotein cholesterol; KRPM, Korean Risk Prediction Model; 

LDL-C, low-density lipoprotein cholesterol; LIFE-CVD, LIFEtime-perspective 

model for individualizing CardioVascular Disease prevention strategies in 

apparently healthy people; PCE, Pooled Cohort Equation; SBP, systolic blood 

pressure; SCORE, Systemic COronary Risk Evaluation; SES, socioeconomic 

status; TC, total cholesterol. 

 

 

4. Outcome 

The primary outcome was a composite CVD event, defined as the first 

hospitalization for acute myocardial infarction, stroke, or CV death (Table 2) 

recorded through December 31, 2019. If a participant had more than one event 

during the follow-up period, the first event was counted as the outcome.84 

Participants who did not have any event were censored at the date of death or 

December 31, 2019, whichever came first. Death and its cause were ascertained 

by linkage to the Statistics Korea database.85 
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Table 2. Individual outcome definitions 

Outcome 

 

Definition ICD-10 PPV, % 

Myocardial 

infarction 

Earliest inpatient or ED record 

with myocardial infarction as the 

primary diagnosis 

 

I21-I23 94.5 (104/110)79 

92.0 (184/200)86 

93.3 (84/90)87 

Stroke Earliest inpatient or ED record 

with stroke as the primary 

diagnosis 

 

I60-I64 78.4 (312/398)79 

81.0 (324/400)86 

83.0 (425/512)88 

CV death Death record with CVD as the 

underlying cause 

 

I00-I99 NA 

Non-CV 

death 

Death record with any cause 

other than CVD 

 

Any, except 

I00-I99 

NA 

CV, cardiovascular; CVD, cardiovascular disease; ED, emergency department; 

ICD-10, International Classification of Diseases, 10th revision; NA, not 

applicable; PPV, positive predictive value. 

 

 

5. Statistical analyses 

Data manipulation and model derivation were conducted using SAS version 9.4 

(SAS Institute Inc., Cary, NC, USA). Statistical analyses, model validation, and 

data visualization were done using R version 3.5.3 (R Foundation for Statistical 

Computing, Vienna, Austria). 

 

A. Age-varying association of risk factors with outcome 

For the analyses of age-varying associations, age was used as the time scale 

with left truncation—participants contribute from the age at cohort entry to the 

age at event or censoring (Figure 5).89,90 Attained age was split into 20-40, 40-50, 

50-60, 60-70, and 70-90 years, beyond which the remaining at-risk participants 
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were censored. For example, if a participant entered the cohort at the age of 52 

years and had an event at 65, the participant would contribute 0 event over 8 years 

of follow-up during the age interval of 50-60 years and 1 event over 5 years of 

follow-up during the age interval of 60-70 years. If a participant entered the 

cohort at the age of 85 years and had an event at 95, the participant would 

contribute 0 event over 5 years of follow-up during the age interval of 70-90 years 

and be censored at 90. Incidence rates were calculated as the number of events 

 
 
Figure 5. Use of attained age as the time scale for survival analysis. A 

hypothetical cohort of 50 participants is depicted. With attained age as the time 

scale, each participant contributes to the person-years of follow-up from the age 

at cohort entry to the age at event or censoring. 
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per 100,000 person-years of follow-up for each age interval. Cox regression 

model with time-varying coefficients was used to calculate hazard ratios (HR) 

and 95% confidence intervals (CI) per 1 SD of continuous predictors or the 

presence of binary predictors for each age interval. The relative importance of 

each risk factor in predicting CVD events was calculated as the proportion of 

explainable log-likelihood attributable to each risk factor.91,92 

 

B. Derivation of the risk prediction model 

Two competing risk-adjusted Fine-Gray models were derived,93-95 one for 

CVD events and the other for non-CV death. The models were fitted separately 

for each sex. To incorporate age-varying coefficients, attained age (the time scale) 

was split into 20-50, 50-60, 60-70, and 70-90 years, wherein age intervals from 

20 to 50 years were merged for model stability. Continuous predictors were 

centered at BMI 23 kg/m2, SBP 120 mmHg, DBP 80 mmHg, and total cholesterol 

200 mg/dL. These values are considered upper limits of normal values in clinical 

practice guidelines and are close to the population means of respective predictors. 

For these reference predictor values, age-specific 1-year baseline survival was 

calculated. Using a set of age-specific coefficients and baseline survival, 1-year 

risks for CVD events and non-CV death were calculated as following: 

𝑟(𝑡) = 1 − 𝑠0(𝑡)exp(𝜷(𝑡) ⋅ 𝒙) 

where, from age t – 1 to t, r(t) is the 1-year risk for each outcome given predictors 

x, s0(t) is the baseline 1-year survival free of each outcome, and β(t) is a vector 
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of age-specific coefficients. Then, the cumulative survival free of CVD and non-

CV death and the cumulative risk for each outcome were calculated as following: 

𝑆(𝑡) = ∏ 1 − 𝑟CVD(𝑖) − 𝑟NCVD(𝑖)

𝑡

𝑖=𝑡0+1

 

𝑃CVD(𝑡) = ∑ 𝑆(𝑖 − 1) 𝑟CVD(𝑖)

𝑡

𝑖=𝑡0+1

 

𝑃NCVD(𝑡) = ∑ 𝑆(𝑖 − 1) 𝑟NCVD(𝑖)

𝑡

𝑖=𝑡0+1

 

where, starting from the baseline age t0, S(t) is the cumulative survival up to age 

t and P(t) is the risk for each outcome before age t. Given that the individual had 

already survived free of CVD up to the baseline age t0, S(t0) = 1 and P(t0) = 0. 

Intuitively, the 10-year risk is PCVD (t0 +10). Lifetime risk96,97 was defined as the 

risk for having a CVD event before the age 90, i.e. PCVD (90).60 The CVD-free 

life expectancy was defined as the age at which the cumulative survival became 

<0.5.60 

 

C. Validation of the risk prediction model 

Model validations were conducted for the 10-year risks. Internal validation 

was done in the derivation cohort via 5-fold cross-validation. Other validation 

sets include a 50% holdout sample of the 2004-2005 NHIS health examinees 

(Figure 4) and three external cohorts of the Korean Genome and Epidemiology 

Study (KoGES)—the Ansan and Ansung study (AA), the CArdioVascular 

Association Study (CAVAS), and the Health EXAminees study (HEXA). 
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Descriptions of the KoGES cohorts are available briefly in Appendix 1 and in full 

elsewhere.79,98 The definitions of predictors and outcomes were identical to those 

of the derivation cohort. Outcome ascertainment in the KoGES cohorts used 

hospitalization codes and death causes via linkage to the NHIS and Statistics 

Korea database.79 Model discrimination was evaluated using the Harrel’s C-index, 

equivalent to the area under the receiver operating characteristics curve for 

survival analysis.99 Agreement between the predicted and the observed risks was 

assessed by calibration plots of risk deciles and Greenwood-Nam-D’Agostino 

(GND) statistics.100 Calibrations in the external validation sets used risk quintiles 

instead, as several risk deciles included small (<5) number of events. External 

calibrations were tested for CVD events but not for non-CV death, given the 

substantially lower mortality rates in the KoGES cohorts compared with the 

general population. 

 

D. Application of the risk prediction model 

The final model was used to calculate 10-year and lifetime CVD risks in 

patient-level example cases and in a representative sample of the general Korean 

population based on the 2007-2018 Korea National Health and Nutrition 

Examination Survey (KNHANES IV-VII). The KNHANES data are described 

briefly in Appendix 2 and in detail elsewhere.101,102 The weighted 50th, 75th, 90th, 

and 95th centiles of 10-year and lifetime CVD risk were calculated, separately for 

men and women; age-specific centiles were also estimated using quantile 

regression methods.103,104 The characteristics of individuals with high lifetime 
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risk estimates (e.g., above the 90th centile) were compared with those of 

individuals with high 10-year risk estimates.  
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III. RESULTS 

1. Description of the derivation cohort 

The derivation set included 4,894,098 participants. The baseline characteristics 

are presented in Table 3. The median age was 44 years; 56.9% were male. Among 

the participants, 12.8% and 4.1% were taking BP-lowering and lipid-lowering 

drugs, respectively; 7.1% had diabetes; 27.2% were current smokers. The mean 

values of BMI, SBP, DBP, and total cholesterol were 23.5 kg/m2, 123.6 mmHg, 

77.5 mmHg, and 192.5 mg/dL, respectively. 

The median follow-up period was 15.1 years. Before the age of 90 years, 

there occurred 238,292 new CVD events (341.3 per 100,000 person-years) and 

285,721 non-CV deaths (403.0 per 100,000 person-years). CVD incidence rates 

per 100,000 person-years were 30.0 at age 20-40 years, 109.0 at age 40-50, 241.2 

at age 50-60 years, 520.7 at age 60-70 years, and 1510.5 at age 70-90 years. Non-

CV mortality rates per 100,000 person-years were 42.1 at age 20-40 years, 95.0 

at age 40-50 years, 207.9 at age 50-60 years, 496.8 at age 60-70 years, and 2095.4 

at age 70-90 years. Sex- and age-specific incidence rates of CVD events and non-

CV death are presented in Table 4. 

 

2. Age-varying associations of risk factors with CVD events 

Figure 6 summarizes the age-varying associations of SBP, BMI, cholesterol, 

diabetes, and smoking with CVD events. The relative CVD risk associated with 

SBP varied by age, with greater HR per SD at younger ages (HR, 1.57 in men 

and 1.75 in women at age 20-40 years) and with decreasing HR later in life. 
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Table 3. Characteristics of the derivation cohort 

Variable All Men Women 

 (N=4,894,098) (N=2,786,231) (N=2,107,867) 

Age, years 44 [34-54] 42 [34-52] 46 [35-56] 

Household income quartile    

  Q4, highest 1,451,303 (29.7) 900,850 (32.3) 550,453 (26.1) 

  Q3 1,353,427 (27.7) 860,455 (30.9) 492,972 (23.4) 

  Q2 1,072,468 (21.9) 601,241 (21.6) 471,227 (22.4) 

  Q1, lowest 1,016,900 (20.8) 423,685 (15.2) 593,215 (28.1) 

Charlson Comorbidity Index    

  0 3,290,306 (67.2) 1,969,008 (70.7) 1,321,298 (62.7) 

  1 745,721 (15.2) 346,978 (12.5) 398,743 (18.9) 

  2 510,288 (10.4) 294,338 (10.6) 215,950 (10.2) 

  ≥3 347,783 (7.1) 175,907 (6.3) 171,876 (8.2) 

Taking BP-lowering drugs 627,850 (12.8) 311,014 (11.2) 316,836 (15.0) 

Taking lipid-lowering drugs 202,970 (4.1) 99,727 (3.6) 103,243 (4.9) 

Diabetes mellitus 349,416 (7.1) 222,607 (8.0) 126,809 (6.0) 

Current smoking 1,330,947 (27.2) 1,271,083 (45.6) 59,864 (2.8) 

Alcohol consumption    

  None 2,444,407 (49.9) 892,875 (32.0) 1,551,532 (73.6) 

  1-2 times/week 1,985,580 (40.6) 1,468,142 (52.7) 517,438 (24.5) 

  ≥3 times/week 464,111 (9.5) 425,214 (15.3) 38,897 (1.8) 

Exercise frequency    

  ≥3 times/week 930,776 (19.0) 562,568 (20.2) 368,208 (17.5) 

  1-2 times/week 1,344,795 (27.5) 930,476 (33.4) 414,319 (19.7) 

  None 2,618,527 (53.5) 1,293,187 (46.4) 1,325,340 (62.9) 

Body mass index, kg/m2 23.5 ± 3.1 23.9 ± 3.0 22.9 ± 3.2 

Systolic BP, mmHg 123.6 ± 16.3 125.9 ± 15.4 120.6 ± 17.0 

Diastolic BP, mmHg 77.5 ± 10.8 79.3 ± 10.5 75.2 ± 10.8 

Total cholesterol, mg/dL 192.5 ± 36.1 192.5 ± 35.4 192.4 ± 37.0 

Fasting glucose, mg/dL 94.8 ± 26.0 96.4 ± 27.5 92.7 ± 23.6 

Follow-up, years 15.1 [14.3-15.4] 15.1 [14.4-15.5] 15.0 [14.3-15.4] 

Values presented in frequency (%), mean ± SD, or median [interquartile range]. 

BP, blood pressure. 
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Table 4. Sex- and age-specific incidence rates 

Endpoint/  Men    Women  

Age* Events  Person-yrs Rate†  Events Person-yrs Rate† 

Cardiovascular events      

20-40 3,855 9,163,969 42.1   921 6,777,505 13.6  

40-50 16,107 11,804,349 136.4   3,286 5,984,800 54.9  

50-60 31,252 9,528,269 328.0   10,329 7,711,963 133.9  

60-70 38,344 5,725,254 669.7   20,721 5,618,868 368.8  

70-90 57,958 3,395,183 1707.1   55,519 4,117,611 1348.3  

        

Myocardial infarction      

20-40 928 9,172,040 10.1   41 6,781,201 0.6  

40-50 5,013 11,844,461 42.3   226 5,995,027 3.8  

50-60 9,301 9,626,163 96.6   1,065 7,757,104 13.7  

60-70 9,091 5,862,827 155.1   2,657 5,705,805 46.6  

70-90 9,318 3,595,807 259.1   6,691 4,331,160 154.5  

        

Stroke        

20-40 2,387 9,166,674 26.0   812 6,777,686 12.0  

40-50 9,537 11,824,679 80.7   2,871 5,985,553 48.0  

50-60 19,403 9,576,686 202.6   8,816 7,716,464 114.2  

60-70 25,981 5,778,207 449.6   16,837 5,630,705 299.0  

70-90 38,571 3,444,054 1119.9   38,685 4,149,161 932.4  

        

Cardiovascular death      

20-40 738 9,174,755 8.0   124 6,781,382 1.8  

40-50 2,473 11,865,093 20.8   417 5,995,790 7.0  

50-60 4,589 9,675,886 47.4   1,083 7,761,824 14.0  

60-70 7,174 5,918,195 121.2   3,027 5,718,360 52.9  

70-90 23,715 3,649,600 649.8   22,476 4,366,074 514.8  

        

Non-cardiovascular death      

20-40 4,861 9,174,755 53.0   1,864 6,781,382 27.5  

40-50 13,485 11,865,093 113.7   3,491 5,995,790 58.2  

50-60 27,343 9,675,886 282.6   8,907 7,761,824 114.8  

60-70 42,938 5,918,195 725.5   14,873 5,718,360 260.1  

70-90 105,481 3,649,600 2890.2   62,478 4,366,074 1431.0  

*Attained age; intervals are left-open and right-closed. 

†Rate per 100,000 person-years. 
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Figure 6. Age-varying associations of risk factors with cardiovascular disease 

events. Attained age intervals are left-open and right-closed. Hazard ratios were 

calculated per 1 SD of continuous predictors or the presence (yes vs. no) of 

categorical predictors. Horizontal dotted lines represent age-constant hazard 

ratios among the entire analytical sample. All models included the risk factors of 

interest (SBP, BMI, total cholesterol, diabetes, and current smoking) plus 

household income quartiles, Charlson comorbidity index, use of blood pressure-

lowering drugs, use of lipid-lowering drugs, alcohol consumption, and exercise 

frequency. BMI, body mass index; CI, confidence interval; SBP, systolic blood 

pressure. 
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Similarly, the age-varying HR per 1 SD of BMI was higher at younger ages (HR, 

1.19 in men and 1.16 in women at age 20-40 years). Without considering the age-

varying trend, the “age-constant” HR per 1 SD of BMI was 1.01 in men and 1.01 

in women, largely driven by the null or inverse association at older ages. The 

relative CVD risk associated with cholesterol in men was the highest at age 40-

50 years (HR, 1.27) and diminished afterwards; in women, by contrast, there was 

no consistent age-dependent pattern of association between cholesterol and CVD 

risk (overall HR, 1.03). Relative CVD risks associated with diabetes and smoking 

peaked between 40 to 60 years of age and decreased thereafter (Figure 6). Taken 

together, the relative prognostic importance of risk factors also varied with 

attained age (Figure 7). In both sexes at younger ages, the relative importance of 

SBP outweighed other predictors, whereas with increasing age, the relative 

importance of smoking and diabetes grew to match that of SBP (Figure 7). 

When SBP and DBP were simultaneously adjusted for each other, SBP 

remained independently associated with CVD events across all age intervals; 

DBP was also independently associated with CVD events at younger ages, while 

the association diminished at older ages (Figure 8). When further stratified by 

antihypertensive treatment status, both treated and untreated SBP were associated 

with CVD events throughout all ages, although with greater relative risk 

associated with treated versus untreated SBP. In contrast, only untreated DBP 

was independently associated with CVD events, mostly at younger ages, whereas 

treated DBP was not or inversely associated with the outcome (Figure 8). 
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Figure 7. Relative importance of risk factors in predicting cardiovascular disease 

events. Calculated as the proportion of explainable log-likelihood for each 

variable among SBP, BMI, cholesterol, smoking, and diabetes. Attained age 

intervals are left-open and right-closed. BMI, body mass index; SBP, systolic 

blood pressure. 
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Figure 8. Age-varying associations of SBP and DBP with cardiovascular disease 

events. Attained age intervals are left-open and right-closed. Hazard ratios were 

calculated per 1 SD of continuous predictors or the presence (yes vs. no) of 

categorical predictors. Horizontal dotted lines represent age-constant hazard 

ratios among the entire analytical sample. All models included the risk factors of 

interest (SBP and DBP) plus BMI, total cholesterol, diabetes, current smoking, 

household income quartiles, Charlson comorbidity index, use of blood pressure-

lowering drugs (not included when stratified by treatment), use of lipid-lowering 

drugs, alcohol consumption, and exercise frequency. CI, confidence interval; 

DBP, diastolic blood pressure; SBP, systolic blood pressure. 

 

 



26 

The age-varying associations of risk factors were similar for non-CV death 

in that the relative risk was generally higher at younger versus older ages. 

However, there were null or inverse associations of BMI, cholesterol, and treated 

DBP with non-CV death (Appendix 3 and Appendix 4). These HRs are 

observational and thus should not be viewed causally. 

 

3. Derivation and validation of the lifetime CVD risk model 

A. Model derivation 

Based on the age-varying associations of predictors with outcome, the 

models were split into the following age (=time) intervals: 20-50, 50-60, 60-70, 

and 70-90 years. The age intervals from 20 to 50 years were merged, because the 

events were rare in these intervals. Age-specific baseline survival rates (Table 5 

and Table 6) and model coefficients (Table 7) were derived for each competing 

event and each sex. Only positive coefficients at the significance level of 0.05 

were retained in the final models. Table 8 shows an example life table for a 

hypothetical 55-year-old male, non-diabetic smoker with BMI 25 kg/m2, 

untreated SBP/DBP 140/90 mmHg, and total cholesterol 240 mg/dL. For this 

individual, the 10-year CVD risk PCVD (55+10=65) is 7.4%, and the lifetime CVD 

risk PCVD (90) is 36.2%. CVD-free life expectancy, the age at which the 

cumulative survival S(t) reaches 0.5, is 79 years. A sample R code for generating 

the life table and risk estimates is presented in Appendix 5. 
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Table 5. Age-specific baseline survival in men 

Age* 1-Year survival 

free of CVD 

events 

1-Year survival 

free of non-CV 

death 

Age* 1-Year survival 

free of CVD 

events 

1-Year survival 

free of non-CV 

death 

21 0.99968783  0.99972451  56 0.99788698  0.99800448  

22 0.99995874  0.99937216  57 0.99764770  0.99790607  

23 0.99995868  0.99932756  58 0.99766969  0.99770029  

24 0.99986224  0.99962170  59 0.99742095  0.99743531  

25 0.99984173  0.99960775  60 0.99735537  0.99726167  

26 0.99990267  0.99949154  61 0.99672324  0.99675202  

27 0.99985964  0.99953230  62 0.99639835  0.99638505  

28 0.99985358  0.99961811  63 0.99611070  0.99601744  

29 0.99984707  0.99964837  64 0.99581703  0.99573569  

30 0.99985407  0.99966441  65 0.99553834  0.99520752  

31 0.99987729  0.99966222  66 0.99520965  0.99481947  

32 0.99982949  0.99968674  67 0.99496029  0.99407467  

33 0.99979971  0.99963858  68 0.99463816  0.99327847  

34 0.99978554  0.99965267  69 0.99408424  0.99260689  

35 0.99975988  0.99965396  70 0.99364023  0.99174483  

36 0.99972623  0.99963840  71 0.99090878  0.98902809  

37 0.99966416  0.99957686  72 0.99045121  0.98756022  

38 0.99965977  0.99955802  73 0.98956129  0.98629917  

39 0.99959893  0.99956835  74 0.98861920  0.98420203  

40 0.99952710  0.99947677  75 0.98769213  0.98233403  

41 0.99949011  0.99946276  76 0.98672829  0.97955131  

42 0.99943109  0.99940112  77 0.98524063  0.97785116  

43 0.99936130  0.99933084  78 0.98425342  0.97482478  

44 0.99930260  0.99933795  79 0.98283344  0.97212998  

45 0.99923948  0.99926916  80 0.98137052  0.96838279  

46 0.99916780  0.99916289  81 0.97990827  0.96382346  

47 0.99905734  0.99907706  82 0.97831474  0.95940414  

48 0.99897518  0.99899558  83 0.97637445  0.95386130  

49 0.99891785  0.99888160  84 0.97333295  0.94787592  

50 0.99881240  0.99869855  85 0.97254729  0.94172451  

51 0.99853635  0.99873726  86 0.97126155  0.93434273  

52 0.99839947  0.99861772  87 0.96936640  0.92609801  

53 0.99829256  0.99842327  88 0.96451593  0.91638837  

54 0.99816935  0.99835719  89 0.96551360  0.90498521  

55 0.99802020  0.99809698  90 0.95621919  0.88675005  

*Attained age. 

CV, cardiovascular; CVD, cardiovascular disease. 
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Table 6. Age-specific baseline survival in women 

Age* 1-Year survival 

free of CVD 

events 

1-Year survival 

free of non-CV 

death 

Age* 1-Year survival 

free of CVD 

events 

1-Year survival 

free of non-CV 

death 

21 0.99989699  0.99985215  56 0.99885553  0.99891119  

22 0.99995415  0.99973591  57 0.99871053  0.99884893  

23 0.99984065  0.99983628  58 0.99867310  0.99877482  

24 0.99994534  0.99982400  59 0.99856088  0.99867465  

25 0.99993633  0.99978660  60 0.99844207  0.99855577  

26 0.99985938  0.99974391  61 0.99815333  0.99845356  

27 0.99991870  0.99978511  62 0.99788230  0.99829303  

28 0.99987567  0.99977841  63 0.99755419  0.99822783  

29 0.99987043  0.99975626  64 0.99743073  0.99804975  

30 0.99987522  0.99980481  65 0.99711767  0.99789882  

31 0.99986891  0.99975152  66 0.99686118  0.99764746  

32 0.99982800  0.99971928  67 0.99668483  0.99749205  

33 0.99982739  0.99978260  68 0.99624152  0.99707049  

34 0.99983150  0.99975445  69 0.99587237  0.99687014  

35 0.99980841  0.99973929  70 0.99540840  0.99639716  

36 0.99978655  0.99969254  71 0.99373596  0.99561612  

37 0.99980135  0.99971348  72 0.99311549  0.99515880  

38 0.99975123  0.99971208  73 0.99234402  0.99452777  

39 0.99970012  0.99968133  74 0.99138132  0.99364393  

40 0.99972901  0.99961935  75 0.99069137  0.99288237  

41 0.99964018  0.99965563  76 0.98976953  0.99169492  

42 0.99960029  0.99955445  77 0.98888360  0.99066413  

43 0.99962375  0.99956292  78 0.98782906  0.98893244  

44 0.99954962  0.99950307  79 0.98672089  0.98774559  

45 0.99949344  0.99950893  80 0.98527069  0.98569135  

46 0.99946237  0.99942330  81 0.98415642  0.98251945  

47 0.99932697  0.99942980  82 0.98192781  0.98066535  

48 0.99931741  0.99933255  83 0.98042633  0.97846270  

49 0.99921636  0.99932398  84 0.97946453  0.97348762  

50 0.99913646  0.99926618  85 0.97736324  0.96926418  

51 0.99913378  0.99920059  86 0.97620144  0.96502379  

52 0.99903228  0.99918268  87 0.97354501  0.95958965  

53 0.99899943  0.99911897  88 0.97068367  0.95277719  

54 0.99884174  0.99908137  89 0.96861370  0.94437219  

55 0.99879165  0.99897768  90 0.96466415  0.93050469  

*Attained age. 

CV, cardiovascular; CVD, cardiovascular disease. 

 



29 

 

Table 7. Sex- and age-specific model coefficients 

Model/ Per 1 unit  Yes vs. No 

Age* BMI SBPU SBPT DBPU CHOL  DM SMOK 

CVD events        

Men         

20-50 0.03493 0.01396 0.03381 0.01881 0.00634  0.49572 0.51349 

50-60 0.01291 0.00991 0.02094 0.01197 0.00455  0.57086 0.55963 

60-70 - 0.00858 0.01594 0.00518 0.00252  0.51103 0.46374 

70-90 - 0.00551 0.01009 - 0.000966  0.29076 0.23825 

         

Women         

20-50 0.0369 0.01502 0.03788 0.02384 0.000524  0.51576 0.71354 

50-60 0.02847 0.00882 0.0244 0.02043 0.000524  0.76873 0.74875 

60-70 0.0088 0.00502 0.01742 0.01657 0.000524  0.66384 0.74187 

70-90 - - 0.00902 0.01268 0.000524  0.33735 0.46415 

         

Non-CV death        

Men         

20-50 - 0.00591 0.00926 - -  0.75882 0.36782 

50-60 - 0.00637 0.00504 - -  0.65604 0.50669 

60-70 - 0.00379 0.00312 - -  0.48005 0.5057 

70-90 - 0.000551 - - -  0.2757 0.37999 

         

Women         

20-50 - 0.00272 0.00272 - -  0.52877 0.68968 

50-60 - 0.00238 0.00238 - -  0.5086 0.68186 

60-70 - 0.00125 0.00125 - -  0.54023 0.6144 

70-90 - - - - -  0.43163 0.52503 

*Attained age; intervals are left-open and right-closed. 

BMI, body mass index; CHOL, total cholesterol; CV, cardiovascular; CVD, 

cardiovascular disease; DBPU, diastolic blood pressure (if untreated); DM, 

diabetes mellitus; SBPT, systolic blood pressure (if treated); SBPU, systolic 

blood pressure (if untreated); SMOK, current smoker. 
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Table 8. Example of a life table 

Age* 1-Year risk  Cumulative risk  
Cumulative 

survival 
 

 

CVD events 

 

Non-CV 

death 
 

CVD events 

 

Non-CV 

death 
 

56 0.00624  0.00376   0.00624  0.00376   0.99000  

57 0.00695  0.00394   0.01312  0.00766   0.97922  

58 0.00688  0.00433   0.01986  0.01190   0.96823  

59 0.00762  0.00483   0.02724  0.01658   0.95618  

60 0.00781  0.00516   0.03470  0.02151   0.94379  

61 0.00719  0.00580   0.04149  0.02699   0.93152  

62 0.00790  0.00646   0.04885  0.03300   0.91815  

63 0.00853  0.00711   0.05668  0.03953   0.90378  

64 0.00917  0.00761   0.06498  0.04641   0.88861  

65 0.00978  0.00856   0.07367  0.05402   0.87231  

66 0.01050  0.00925   0.08283  0.06208   0.85508  

67 0.01105  0.01057   0.09228  0.07113   0.83659  

68 0.01175  0.01199   0.10211  0.08116   0.81673  

69 0.01296  0.01319   0.11270  0.09193   0.79538  

70 0.01393  0.01472   0.12378  0.10363   0.77259  

71 0.01336  0.01618   0.13410  0.11613   0.74977  

72 0.01403  0.01834   0.14462  0.12988   0.72550  

73 0.01533  0.02019   0.15574  0.14453   0.69973  

74 0.01672  0.02327   0.16744  0.16081   0.67175  

75 0.01807  0.02601   0.17958  0.17828   0.64214  

76 0.01948  0.03008   0.19209  0.19760   0.61031  

77 0.02166  0.03257   0.20531  0.21748   0.57721  

78 0.02310  0.03700   0.21865  0.23883   0.54252  

79 0.02518  0.04093   0.23231  0.26104   0.50666  

80 0.02731  0.04639   0.24614  0.28454   0.46931  

81 0.02945  0.05302   0.25997  0.30942   0.43061  

82 0.03177  0.05943   0.27365  0.33502   0.39134  

83 0.03460  0.06746   0.28719  0.36141   0.35140  

84 0.03902  0.07609   0.30090  0.38815   0.31095  

85 0.04017  0.08494   0.31339  0.41457   0.27204  

86 0.04203  0.09553   0.32482  0.44056   0.23462  

87 0.04479  0.10730   0.33533  0.46573   0.19894  

88 0.05182  0.12111   0.34564  0.48982   0.16454  

89 0.05037  0.13723   0.35393  0.51240   0.13367  

90 0.06380  0.16281   0.36245  0.53417   0.10338  

*Attained age. 

For a 55-year-old male, non-diabetic smoker with body mass index 25 kg/m2, 

untreated blood pressure 140/90 mmHg, and total cholesterol 240 mg/dL. 

CV, cardiovascular; CVD, cardiovascular disease. 
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B. Model validation 

Model validation was conducted based on predicted 10-year risks from 

baseline age 20-80 years. Among men, C-index for internal discrimination was 

0.822 for CVD events, 0.833 for non-CV death, and 0.825 for combined risk; 

among women, C-index for internal discrimination was 0.854 for CVD events, 

0.825 for non-CV death, and 0.840 for combined risk (Table 9). By graphical 

inspection of the internal calibration plot, the predicted risks were in good 

agreement with the observed risks across risk deciles (Figure 9). The overall 

predicted-to-observed risk ratios in men were 1.006 for CVD events, 0.966 for 

non-CV death, and 0.984 for the combined risk; the overall predicted-to-observed 

risk ratios in women were 0.954 for CVD events, 1.001 for non-CV death, and 

0.975 for the combined risk. However, due to the large sample size, the GND 

statistics generally exceeded the commonly used threshold of 20 (Appendix 6). 

 

Table 9. Discrimination in the derivation and holdout validation sets 

Cohort C-index (95% CI) 

 Men Women 

Derivation set   

CVD events 0.822 (0.820-0.823) 0.854 (0.853-0.856) 

Non-CV death 0.833 (0.832-0.834) 0.825 (0.823-0.827) 

Combined 0.825 (0.824-0.826) 0.840 (0.839-0.842) 

   

Holdout validation set   

CVD events 0.821 (0.820-0.823) 0.854 (0.853-0.855) 

Non-CV death 0.832 (0.831-0.834) 0.824 (0.822-0.826) 

Combined 0.824 (0.824-0.825) 0.840 (0.839-0.841) 

CI, confidence interval; CV, cardiovascular; CVD, cardiovascular disease. 
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Figure 9. Calibration of predicted vs. observed 10-year risk in the derivation set. 

Error bars denote 95% confidence intervals of observed risk. CV, cardiovascular; 

CVD, cardiovascular disease. 
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Characteristics and event rates of the validation sets are in Appendix 7 

through Appendix 12. Discrimination and calibration performances in the holdout 

validation were similar with those in the internal validation. Among men, C-index 

for holdout discrimination was 0.821 for CVD events, 0.833 for non-CV death, 

and 0.825 for the combined risk; among women, C-index for internal 

discrimination was 0.854 for CVD events, 0.824 for non-CV death, and 0.840 for 

the combined risk (Table 9). The overall predicted-to-observed risk ratios were 

nearly 1, ranging from 0.952 to 1.003 across endpoints and sex, although GND 

statistics were large, driven by sample size (Figure 10 and Appendix 13). 

In the external validation sets, the minimum baseline age was 40 years; the 

difference in age distribution should be noted when interpreting the validation 

results. The C-index for CVD events in the KoGES cohorts ranged from 0.701 to 

0.716 in men and 0.754 to 0.763 in women (Table 10). The overall predicted-to-

observed ratios of CVD risk ranged from 0.970 to 1.182 in men and 0.788 to 

1.336 in women (Figure 11 and Appendix 14). GND statistics were 5.5, 5.1, and 

27.3 in AA, CAVAS, and HEXA men, respectively, and 9.4, 7.1, and 45.3 in AA, 

CAVAS, and HEXA women, respectively (Appendix 14). 

 

Table 10. Discrimination of cardiovascular risk in the external validation sets 

Cohort C-index (95% CI) 

 Men Women 

KoGES-AA 0.716 (0.674-0.759) 0.756 (0.720-0.792) 

KoGES-CAVAS 0.709 (0.682-0.736) 0.763 (0.740-0.786) 

KoGES-HEXA 0.701 (0.676-0.725) 0.754 (0.727-0.781) 

AA, Ansan and Ansung study; CAVAS, CArdioVascular Association Study; CI, 

confidence interval; HEXA, Health EXAminees study; KoGES, Korean Genome 

and Epidemiology Study. 
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Figure 10. Calibration of predicted vs. observed 10-year risk in the holdout 

validation set. Error bars denote 95% confidence intervals of observed risk. CV, 

cardiovascular; CVD, cardiovascular disease. 
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Figure 11. Calibration of predicted vs. observed 10-year cardiovascular risk in 

external validation sets. Error bars denote 95% confidence intervals of observed 

risk. AA, Ansan and Ansung study; CAVAS, CardioVascular Association Study; 

CVD, cardiovascular disease; HEXA, Health EXAminees study; KoGES, 

Korean Genome and Epidemiology Study. 
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4. Application of the lifetime risk model 

The final model can estimate patient-level CVD risks in various clinical settings. 

Two worked examples are provided here. In Figure 12A, a 20-year-old male, non-

diabetic smoker with BMI 25 kg/m2, BP 140/90 mmHg (untreated), and 

cholesterol 240 mg/dL has a 10-year CVD risk estimate of 0.5%, despite high 

risk factor burden. The 10-year risk does not differ much from that of the same 

age with optimal-level risk factors. However, the risks at longer time-horizons 

diverge significantly: the risk for premature CVD (e.g., occurring before 60 years 

of age) is 9.8% vs. 1.9%; the lifetime risk is 39.1% vs. 26.0%. In Figure 12B, a 

40-year-old male, diabetic smoker with BMI 25 kg/m2, BP 140/90 mmHg 

(untreated), and cholesterol 240 mg/dL has a 10-year CVD risk estimate 

comparable with that of a 60-year-old male, non-diabetic non-smoker with BMI 

23 kg/m2, BP 130/80 mmHg (untreated), and cholesterol 200 mg/dL. Although 

both patients have 10-year CVD risk estimates of ~5%, corresponding to a low-

risk group by the clinical guidelines, the lifetime risk of the former patient is 

44.6%, whereas the lifetime risk of the latter patient is 29.0%. 

The lifetime risk model can also be applied to a nationally representative 

cross-sectional data of the KNHANES IV-VII to describe the distribution of risk 

estimates and to characterize individuals at the highest risk (e.g., top 10%). The 

weighted characteristics based on the KNHANES analytical sample are provided 

in Appendix 15. Figure 13 shows the 50th, 75th, 90th, and 95th centiles for 10-year 

and lifetime CVD risk estimates at each age in men and women, separately. The 

centiles for lifetime CVD risk peaked at age 50 years in men and age 60 years in 

women but generally remained stable throughout the life span. In contrast, the
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Figure 12. Worked examples of patient-level 10-year and lifetime cardiovascular 

risk estimates. (A) In red, 20-year-old male, non-diabetic smoker with BMI 25 

kg/m2, BP 140/90 mmHg (untreated), and cholesterol 240 mg/dL. In navy, 20-

year-old male, non-diabetic non-smoker with BMI 20 kg/m2, BP 110/70 mmHg 

(untreated), and cholesterol 160 mg/dL. (B) In red, 40-year-old male, diabetic 

smoker with BMI 25 kg/m2, BP 140/90 mmHg (untreated), and cholesterol 240 

mg/dL. In navy, 60-year-old male, non-diabetic non-smoker with BMI 23 kg/m2, 

BP 130/80 mmHg (untreated), and cholesterol 200 mg/dL. BP, blood pressure; 

CVD, cardiovascular disease; DM, diabetes mellitus. 
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Figure 13. Weighted sex- and age-specific centiles for 10-year and lifetime 

cardiovascular risk estimates based on the KNHANES IV-VII. Age-specific 

centiles for 10-year and lifetime risks were estimated by quantile regression in 

men (upper panel) and women (lower panel). 
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centiles for 10-year CVD risk exponentially increased with age; the 50th centile 

surpassed 10% at age 67 years in men and 71 years in women. Among the overall 

population, the 50th, 75th, 90th, and 95th centile values were 1.1%, 3.7%, 9.9%, and 

15.1% for 10-year CVD risk and 27.5%, 30.7%, 34.0%, and 36.4% for lifetime 

CVD risk (Table 11). Using these centiles, the top 10% risk group was identified 

according to the 10-year or lifetime CVD risk measure and was compared with 

the top 10% risk group according to the other measure (Table 12 and Appendix 

16 through Appendix 20). Only 15% of the high-risk group by one measure were 

concordantly identified as high-risk by the other measure. People at high lifetime 

risk, when compared with those at high 10-year risk, were more likely to be 

younger but with higher risk factor levels (Table 12 and Figure 14). 

 

 

 

Table 11. Weighted centiles for 10-year and lifetime cardiovascular risk estimates 

based on the KNHANES IV-VII 

Centile 10-Year CVD risk  Lifetime CVD risk 

 All Men Women  All Men Women 

95th 15.1 15.0 15.2  36.4 37.1 35.1 

90th 9.9 10.2 9.4  34.0 35.0 32.4 

75th 3.7 4.4 2.7  30.7 32.0 28.2 

50th 1.1 1.5 0.7  27.5 29.4 25.1 

CVD, cardiovascular disease; KNHANES, Korea National Health and Nutrition 

Examination Survey. 
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Table 12. Weighted characteristics of the KNHANES IV-VII participants by concordance/discordance between 10-year and 

lifetime cardiovascular risk estimates 

Variable Low 10-year risk High 10-year risk  Low 10-year risk High 10-year risk 

 Low lifetime risk Low lifetime risk  High lifetime risk High lifetime risk 

 (N=45,464) (N=8,292)  (N=4,233) (N=1,216) 

Proportion, % 81.5 (81.1-82.0) 8.5 (8.2-8.8)  8.5 (8.2-8.8) 1.5 (1.4-1.6) 

Age, years 42.0 (41.8-42.2) 74.2 (74.1-74.3)  43.9 (43.5-44.3) 64.5 (64.0-65.0) 

Sex      

  Male, % 47.2 (46.8-47.7) 49.8 (48.6-51.1)  68.5 (67.0-70.0) 62.3 (59.1-65.4) 

  Female, % 52.8 (52.3-53.2) 50.2 (48.9-51.4)  31.5 (30.0-33.0) 37.7 (34.6-40.9) 

Body mass index, kg/m2 23.5 (23.4-23.5) 23.8 (23.7-23.9)  26.2 (26.1-26.4) 25.0 (24.8-25.2) 

Systolic BP, mmHg 112.6 (112.4-112.8) 129.6 (129.1-130.0)  133.8 (133.2-134.3) 151.0 (149.7-152.3) 

Diastolic BP, mmHg 74.4 (74.2-74.5) 73.1 (72.8-73.4)  89.0 (88.6-89.4) 84.8 (83.9-85.7) 

Taking BP-lowering drugs, % 8.3 (8.0-8.6) 50.8 (49.4-52.2)  21.6 (20.2-23.0) 70.9 (67.7-74.0) 

Total cholesterol, mg/dL 187.3 (186.9-187.8) 188.8 (187.8-189.8)  213.5 (212.1-214.9) 202.9 (199.8-205.9) 

Diabetes mellitus, % 3.3 (3.1-3.5) 24.9 (23.7-26.0)  30.3 (28.7-31.9) 72.2 (69.1-75.3) 

Current smoking, % 20.5 (20.0-21.0) 14.6 (13.7-15.6)  63.4 (61.7-65.0) 47.9 (44.6-51.3) 

Predicted 10-year CVD risk, % 1.6 (1.6-1.6) 16.2 (16.0-16.3)  3.7 (3.6-3.8) 15.4 (14.9-15.8) 

Predicted lifetime CVD risk, % 27.1 (27.1-27.1) 25.5 (25.4-25.6)  37.2 (37.1-37.3) 39.1 (38.8-39.5) 

Values presented in population-weighted mean or proportion (95% confidence interval). 

High 10-year or lifetime CVD risk group corresponds to ≥90th centile of each score. 

BP, blood pressure; CVD, cardiovascular disease; KNHANES, Korea National Health and Nutrition Examination Survey. 
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Figure 14. Scatter plots of 10-year vs. lifetime risk estimates in the KNHANES 

IV-VII. (A) 10-Year vs. lifetime risk estimates by baseline age. (B) 10-Year vs. 

lifetime risk estimates by the number of risk factors—obesity (body mass index 

≥25 kg/m2), hypertension (systolic BP ≥140 mmHg, diastolic BP ≥90 mmHg, or 

taking BP-lowering drugs), hypercholesterolemia (total cholesterol ≥240 mg/dL 

or taking lipid-lowering drugs), diabetes (fasting glucose ≥126 mg/dL or taking 

glucose-lowering drugs), and current smoking. Dots were plotted with a 10% 

weighted resample of the KNHANES participants for better visualization. Each 

doted line denotes the 90th centile of the corresponding axis. Y-axes are in log 

scale. BP; blood pressure; KNHANES, Korea National Health and Nutrition 

Examination Survey. 
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IV. DISCUSSION 

1. Summary of main findings 

In this nationwide study of Korean health examinees of age 20 to 89 years, 

associations between risk factors and CVD events varied by age, such that the 

relative hazard contributions from CV risk factors were greater at younger ages 

than at older ages. Based on the age-varying coefficients, a competing risk-

adjusted lifetime CVD risk prediction model was developed and validated in 

multiple cohorts. The C-index ranged from 0.821 to 0.854 for internal and 

holdout validations (age range, 20-80 years) and 0.701 to 0.763 for external 

validations (age range, 40-80 years). The predicted risks were in good agreement 

with the observed risks (ratio close to 1). To date, this is the only risk model 

applicable to apparently low risk, young to middle-aged Korean population that 

provides risk estimates at various time-horizons, including 10-year and lifetime 

risks, while accounting for the competing risk of non-CV death. 

 

2. Age-varying associations in relation to previous studies 

Sex- and age-specific associations of CV risk factors with outcomes had been 

widely reported in the literature.37-52 For instance, meta-analyses of individual 

participant data from collaborative research, including the Prospective Studies 

Collaboration or the Emerging Risk Factors Collaboration, demonstrated that the 

relative risks for CVD events and mortality associated with SBP, BMI, 

cholesterol, and diabetes were higher at ages 40-49 years and lower than at 

subsequent decades of age.37-45 Similarly, reports from the Asia Pacific Cohort 

Studies Collaboration, including data from the Korea Medical Insurance 



43 

Corporation study, also suggested that the relative risks associated with SBP, 

BMI, cholesterol, and diabetes were greater at younger than at older ages.44-50 

However, those analyses may not have captured the full spectrum of risk factor 

contributions across lifetime due to heterogeneity of age distribution between 

cohorts and the scarcity of young adults in most cohorts. The current study 

extends the literature by demonstrating the CVD hazard contributions from 

multiple risk factors throughout the entire age span of 20 to 90 years, where all 

age intervals are adequately powered from a single nationwide cohort. 

 

3. Clinical relevance of the age-varying associations 

There are several clinical implications of the age-varying associations of risk 

factors with CVD events. First, early monitoring of CV risk factors beginning in 

young adulthood may be important for the prevention of premature CVD events. 

Although the greater relative risks in young adults should be interpreted with 

caution in light of the lower baseline hazard rate at younger age, the events in 

young adults are considered premature CVD with attendant substantial loss of 

healthy life-years and/or total survival in affected individuals. Furthermore, after 

prolonged exposures to high risk factor burden during young adulthood, later-life 

interventions may not completely restore the risk to ideal level.21,22 Therefore, 

monitoring of risk factors and preventive strategies should take place early in life 

before the development of risk factors in the first place. In 2010, as part of the 

2020 Impact Goal to improve population cardiovascular health (CVH) in the 

United States and globally, the AHA devised a scoring system of 7 risk factors 

(hence, the Life’s Simple 7) to be regularly monitored and targeted for prevention 
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at the population-level.105-107 Indeed, ideal CVH is rapidly lost through young 

adulthood.108 The strong associations of early-life CVH and its decline with 

premature CVD events highlights the pressing need for timely (and repeated) 

monitoring of CVD risk factors and maintenance of ideal CVH levels through 

young adulthood and beyond.29,109 

Second, certain risk factors that are less appreciated in older patients may 

be prognostically important in young adults. The most illustrative example is 

DBP, of which the associations with CVD outcomes at older ages are often null 

or largely confounded by SBP. For this reason, the association of isolated DBP 

elevation (not accompanying high SBP) with CVD outcomes has been a topic of 

great controversy, especially with regard to the lower BP cutoff of 130/80 mmHg 

suggested by the 2017 ACC/AHA BP guidelines.55,56,110-128 Among older adults, 

the association of isolated diastolic hypertension (IDH) with CVD events may be 

small, especially when IDH is defined by the lower BP cutoff of 130/80 mmHg. 

However, among young adults of age 20 to 39 years, SBP and DBP (each 

independently) contribute to CVD risks, such that IDH using either cutoff of 

130/80 or 140/90 mmHg is associated with a higher risk for CVD events with 

significant heterogeneity versus those in older ages.55,56 Similarly, in the 

MORGAM (MOnica Risk, Genetics, Archiving and Monograph) project, the 

association of DBP with CVD events was significant at age <50 years; the 

addition of DBP to the SCORE model lead to reclassification improvement in 

this age group.129 In young adults, high systemic vascular resistance contributes 

to high DBP; in older adults, large arterial stiffness contributes to low DBP and 
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hence high pulse pressure.130 Therefore, high DBP may be a unique predictor of 

CVD risk in young adults. 

Third, awareness of one’s CV risk factor status and adherence to therapy 

(if indicated) may also be important from early life. For hypertension, <20% of 

affected Koreans young adults of age 20-39 years are aware or treated; even 

among treated, <40% are adherent to antihypertensive medication.15 This is in 

stark contrast with older patients ≥65 years of age, in whom awareness and 

treatment rates are >80%, and adherence rate, >75%.15 In an analysis of a 

nationwide cohort of antihypertensive initiators in Korea, young hypertensive 

patients who were nonadherent to antihypertensive medication (proportion of 

days covered <0.8) were at 1.57 times higher risk for CVD events in comparison 

with those adherent to medication.18 The relative CVD risk associated 

nonadherence was significantly higher in young adults than in older patients 

(P<0.001 for interaction). These results, combined with the high prevalence of 

nonadherence among young patients, suggest that the impact of antihypertensive 

adherence on the population-level risk of premature CVD events is substantial. 

Young adults may be actively engaged in education, career development, social 

relationships, or life transitions, which may compete with adequate risk factor 

control.131-133 CVD prevention in this age group is further complicated by clinical 

guidelines primarily focused on age ≥40 years and 10-year risk calculation 

largely driven by age.29,30 Improving risk-factor controls and therapeutic 

adherence in young adults would require a life course approach with risk 

assessment and discussion strategies specific to this age group. 
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4. Impact of the lifetime CVD risk model 

The proposed lifetime risk model could be used at the individual level to 

communicate CV risk to patients, especially of younger age but with high risk 

factor burden, for whom early lifestyle changes or pharmacological intervention 

could lead to significant life-year gains.134 The worked patient-level examples in 

this study suggest marked differences in lifetime risk for patients with good 

versus poor control of risk factors, especially for younger patients. While these 

examples, by themselves, should not be interpreted causally, incorporation of 

relative risk reductions from randomized controlled trials into the model, may 

provide more information on individualized lifetime benefits of pharmacological 

interventions.60,135-137 For example, assuming that a 10 mmHg reduction of SBP 

(HR=0.74)138 and a 1 mmol/L (=38.67 mg/dL) reduction of low-density liprotein-

cholesterol (HR=0.78)139,140 combine to an HR of 0.74×0.78=0.57, patient #1 in 

Figure 12 would enjoy a 14% reduction in lifetime CVD risk and a 2.5-year gain 

of CVD-free life expectancy from these interventions. One caveat is that the trial-

based HRs may not be generalizable to all ages and different populations. 

At the population level, assessment of the lifetime risk may identify 

patients eligible for potential preventive therapy at younger ages despite low 10-

year risk. The lifetime CVD risk remains relatively stable across life span, 

whereas the 10-year risk exponentially grows with age. Accordingly, a large 

discordance between the lifetime risk and the 10-year risk is expected when 

identifying high-risk patients using these estimates.141 While early risk 

modification in patients with high lifetime risk may result in greater lifetime 

therapeutic benefits,142-146 it remains to be studied whether the benefit outweighs 
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the possible harm or increased cost from lifelong pharmacological treatment in 

this population.  

 

5. Strengths and limitations 

The major strengths of this study include the use of nationwide, population-based 

data for model derivation and hypothesis testing, the conduction of external 

validations in multiple prospective cohorts, and the population-weighted 

estimations of the impact of the risk model. Applicability to young Asian adults, 

ability to calculate lifetime risks, and adjustment for competing risks were all 

important gaps in risk prediction that the current study addressed. 

However, several limitations should also be acknowledged. First, model 

validations were performed for 10-year risks, as it was not feasible to observe the 

lifetime risk directly.59,60,135 Second, the current risk estimation assumes that all 

risk factors, except age, remain constant over time; in reality, risk factors such as 

BP or cholesterol increase over life course. Therefore, risk estimations should be 

repeated in regular time-intervals to update risk discussion and preventive 

strategies. Third, the model only included traditional risk factors that are most 

widely available across various clinical settings. Consequently, the model 

performance remains in the ballpark of pre-existing CVD risk prediction models. 

However, addition of novel biomarkers, such as genetic data, into a well-

functioning model does not result in a significant improvement of reclassification 

performances.147-150 Furthermore, the use of predictors rarely available in routine 

clinical practice would limit the utility of the model in the primary care setting. 

Last, the underlying hazard rates, predictor-outcome associations, and patterns of 



48 

healthcare use and disease management may differ by geographic region and over 

secular time. The spatiotemporal stability of the model should be further tested 

in future studies. The model may require regular updates, in which case the use 

of routinely and perpetually collected electronic health data would become an 

important advantage.  
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V. CONCLUSION 

A short-term estimate of the absolute CVD risk is largely driven by age and rarely 

surpasses a clinically informative threshold during young adulthood to middle 

age. The potential underappreciation of risk may lead to undertreatment of risk 

factors or low treatment adherence among young to middle-aged adults. On the 

other hand, the relative hazard contribution from risk factors and the resulting 

lifetime cumulative risk may be substantial in younger individuals with high risk 

factor burden. Indeed, the associations of risk factors with CVD events are not 

constant over lifetime; the “age-varying” risk associations warrant development 

of risk prediction models that incorporate different predictors and/or coefficients 

by age. A competing risk-adjusted lifetime CVD risk prediction model with age-

varying coefficients was developed and yielded promising performances in 

multiple validation sets. Although several assumptions and limitations require 

caution in interpreting the predicted results, this is the only risk model to date 

applicable to young to middle-aged Korean population that provides risk 

estimates at various time-horizons, including 10-year and lifetime risks, while 

accounting for the competing risk of non-CV death. The model can be used to 

guide preventive strategies in apparently low-risk patients whose 10-year risk 

may not fully reflect potential lifetime benefit from CVD prevention. 
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Appendix 1. Description of the Korean Genome and Epidemiology Study 

(KoGES) cohorts. 

 

The population-based cohorts in the KoGES, including the Ansan and Ansung 

(AA) study, the CArdioVascular disease Association Study (CAVAS), and the 

Health EXAminee (HEXA) study, consist of community-dwellers and health 

examinees aged ≥40 years.98 The three cohorts shared core questionnaire and 

examination items on socio-demographic status, disease history, health behaviors, 

anthropometrics, and biochemical profiles. 

 

In a previous study, the three cohorts’ baseline data were pooled and linked to the 

National Health Information Data of the National Health Insurance Service for 

outcome ascertainment (total N=157,492).79 The protocol was approved by the 

Institutional Review Board of Yonsei University Health System, Seoul, Korea 

(Approval No. Y-2018-0135). After excluding participants aged >80 years, 

followed <10 years, with prior CVD, or with incomplete information, the final 

samples of 7,365, 12,070, and 24,204 participants resulted from the AA, CAVAS, 

and HEXA cohorts, respectively. Descriptions and findings from these cohorts 

were reported elsewhere.79 
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Appendix 2. Description of the Korea National Health and Nutrition 

Examination Survey (KNHANES), IV-VII. 

 

The KNHANES is an ongoing surveillance system in Korea that assesses current 

health status and distributions of its risk factors.101 It collects detailed information 

on demographics, disease history, health behaviors, anthropometrics, and 

biochemical profiles from on-site health examination. To produce unbiased cross-

sectional estimates of the noninstitutionalized Korean population, it uses complex, 

multi-stage probability sample design, in which sample weights are constructed 

to account for non-response and post-stratification. The details of the KNHANES 

are published elsewhere.101,102  

 

Of the 97,622 participants of the KNHANES IV-VII, after excluding those of age 

<20 years, with prior CVD, or with incomplete information, a final analytical 

sample of 59,205 participants remained. 
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Appendix 3. Age-varying associations of risk factors with non-cardiovascular 

death. Horizontal dotted lines represent age-constant hazard ratios among the 

entire analytical sample. Adjusted for all risk factors plus household income 

quartiles, Charlson comorbidity index, use of blood pressure-lowering and lipid-

lowering drugs, alcohol consumption, and exercise frequency. BMI, body mass 

index; CI, confidence interval; SBP, systolic blood pressure. 
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Appendix 4. Age-varying associations of SBP and DBP with non-cardiovascular 

death. Horizontal dotted lines represent age-constant hazard ratios among the 

entire analytical sample. Adjusted for all variables in Appendix 3, except for 

antihypertensive medication use when stratified by treatment. CI, confidence 

interval; DBP, diastolic blood pressure; SBP, systolic blood pressure. 

 

 



79 

Appendix 5. Sample R code for generating a life table. 

 

First, a data frame df is created for an example patient: 55-year-old male, non-

diabetic smoker with body mass index 25 kg/m2, untreated blood pressure 140/90 

mmHg, and total cholesterol 240 mg/dL. Alternatively, a data frame with multiple 

patients (one row per individual with unique id) also works. df should have the 

following columns: 

 

id : a unique identifier of each individual 

sex : 1 = male, 2 = female 

age_base : baseline age 

bmi : body mass index (BMI) in kg/m2 

sbp : systolic blood pressure (SBP) in mmHg 

dbp : diastolic blood pressure (DBP) in mmHg 

htnt : 0 = not taking, 1 = taking antihypertensive medication 

chol : total cholesterol in mg/dL 

dm : 0 = no diabetes, 1 = diabetes 

smok : 0 = not current smoker, 1 = current smoker 

 

For example: 

 
> library(tidyverse) 

> df <- tibble(id=1, sex=1, age_base=55, bmi=25, sbp=140, dbp=90, 

+                 htnt=0, chol=240, dm=0, smok=1) 

 

A data frame mmat of sex- and age-specific baseline survival rates and coefficients 

for cardiovascular disease (CVD) events and non-cardiovascular (CV) death is 

prepared with the following columns: 

 

sex : 1 = male, 2 = female 

age_at : attained age 

bsurv1 : sex-/age-specific baseline survival free of CVD events 

bsurv2 : sex-/age-specific baseline survival free of non-CV death 

b1_bmi : sex-/age-specific coefficient, per BMI, for CVD events 

b1_sbpu : sex-/age-specific coefficient, per SBP (if untreated), for CVD events 

b1_sbpt : sex-/age-specific coefficient, per SBP (if treated), for CVD events 

b1_dbpu : sex-/age-specific coefficient, per DBP (if untreated), for CVD events 

b1_chol : sex-/age-specific coefficient, per cholesterol, for CVD events 

b1_dm : sex-/age-specific coefficient, if diabetes, for CVD events 

b1_smok : sex-/age-specific coefficient, if current smoking, for CVD events 

b2_sbpu : sex-/age-specific coefficient, per SBP (if untreated), for non-CV death 

b2_sbpt : sex-/age-specific coefficient, per SBP (if treated), for non-CV death 

b2_dm : sex-/age-specific coefficient, if diabetes, for non-CV death 

b2_smok : sex-/age-specific coefficient, if current smoking, for non-CV death 
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Note that numbers in the below output are rounded due to page constraint. The full numbers are available for reproducibility in 

Table 5, Table 6, and Table 7. 

 
> mmat 

    sex age_at  bsurv1  bsurv2  b1_bmi b1_sbpu b1_sbpt b1_dbpu b1_chol   b1_dm b1_smok b2_sbpu b2_sbpt   b2_dm b2_smok 

1     1     21 0.99969 0.99972 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

2     1     22 0.99996 0.99937 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

3     1     23 0.99996 0.99933 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

4     1     24 0.99986 0.99962 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

5     1     25 0.99984 0.99961 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

6     1     26 0.99990 0.99949 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

7     1     27 0.99986 0.99953 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

8     1     28 0.99985 0.99962 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

9     1     29 0.99985 0.99965 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

10    1     30 0.99985 0.99966 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

11    1     31 0.99988 0.99966 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

12    1     32 0.99983 0.99969 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

13    1     33 0.99980 0.99964 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

14    1     34 0.99979 0.99965 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

15    1     35 0.99976 0.99965 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

16    1     36 0.99973 0.99964 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

17    1     37 0.99966 0.99958 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

18    1     38 0.99966 0.99956 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

19    1     39 0.99960 0.99957 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

20    1     40 0.99953 0.99948 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

21    1     41 0.99949 0.99946 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

22    1     42 0.99943 0.99940 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

23    1     43 0.99936 0.99933 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

24    1     44 0.99930 0.99934 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 
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25    1     45 0.99924 0.99927 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

26    1     46 0.99917 0.99916 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

27    1     47 0.99906 0.99908 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

28    1     48 0.99898 0.99900 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

29    1     49 0.99892 0.99888 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

30    1     50 0.99881 0.99870 0.03493 0.01396 0.03381 0.01881 0.00634 0.49572 0.51349 0.00591 0.00926 0.75882 0.36782 

31    1     51 0.99854 0.99874 0.01291 0.00991 0.02094 0.01197 0.00455 0.57086 0.55963 0.00637 0.00504 0.65604 0.50669 

32    1     52 0.99840 0.99862 0.01291 0.00991 0.02094 0.01197 0.00455 0.57086 0.55963 0.00637 0.00504 0.65604 0.50669 

33    1     53 0.99829 0.99842 0.01291 0.00991 0.02094 0.01197 0.00455 0.57086 0.55963 0.00637 0.00504 0.65604 0.50669 

34    1     54 0.99817 0.99836 0.01291 0.00991 0.02094 0.01197 0.00455 0.57086 0.55963 0.00637 0.00504 0.65604 0.50669 

35    1     55 0.99802 0.99810 0.01291 0.00991 0.02094 0.01197 0.00455 0.57086 0.55963 0.00637 0.00504 0.65604 0.50669 

36    1     56 0.99789 0.99800 0.01291 0.00991 0.02094 0.01197 0.00455 0.57086 0.55963 0.00637 0.00504 0.65604 0.50669 

37    1     57 0.99765 0.99791 0.01291 0.00991 0.02094 0.01197 0.00455 0.57086 0.55963 0.00637 0.00504 0.65604 0.50669 

38    1     58 0.99767 0.99770 0.01291 0.00991 0.02094 0.01197 0.00455 0.57086 0.55963 0.00637 0.00504 0.65604 0.50669 

39    1     59 0.99742 0.99744 0.01291 0.00991 0.02094 0.01197 0.00455 0.57086 0.55963 0.00637 0.00504 0.65604 0.50669 

40    1     60 0.99736 0.99726 0.01291 0.00991 0.02094 0.01197 0.00455 0.57086 0.55963 0.00637 0.00504 0.65604 0.50669 

41    1     61 0.99672 0.99675 0.00000 0.00858 0.01594 0.00518 0.00252 0.51103 0.46374 0.00379 0.00312 0.48005 0.50570 

42    1     62 0.99640 0.99639 0.00000 0.00858 0.01594 0.00518 0.00252 0.51103 0.46374 0.00379 0.00312 0.48005 0.50570 

43    1     63 0.99611 0.99602 0.00000 0.00858 0.01594 0.00518 0.00252 0.51103 0.46374 0.00379 0.00312 0.48005 0.50570 

44    1     64 0.99582 0.99574 0.00000 0.00858 0.01594 0.00518 0.00252 0.51103 0.46374 0.00379 0.00312 0.48005 0.50570 

45    1     65 0.99554 0.99521 0.00000 0.00858 0.01594 0.00518 0.00252 0.51103 0.46374 0.00379 0.00312 0.48005 0.50570 

46    1     66 0.99521 0.99482 0.00000 0.00858 0.01594 0.00518 0.00252 0.51103 0.46374 0.00379 0.00312 0.48005 0.50570 

47    1     67 0.99496 0.99407 0.00000 0.00858 0.01594 0.00518 0.00252 0.51103 0.46374 0.00379 0.00312 0.48005 0.50570 

48    1     68 0.99464 0.99328 0.00000 0.00858 0.01594 0.00518 0.00252 0.51103 0.46374 0.00379 0.00312 0.48005 0.50570 

49    1     69 0.99408 0.99261 0.00000 0.00858 0.01594 0.00518 0.00252 0.51103 0.46374 0.00379 0.00312 0.48005 0.50570 

50    1     70 0.99364 0.99174 0.00000 0.00858 0.01594 0.00518 0.00252 0.51103 0.46374 0.00379 0.00312 0.48005 0.50570 

51    1     71 0.99091 0.98903 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

52    1     72 0.99045 0.98756 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

53    1     73 0.98956 0.98630 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

54    1     74 0.98862 0.98420 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 
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55    1     75 0.98769 0.98233 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

56    1     76 0.98673 0.97955 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

57    1     77 0.98524 0.97785 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

58    1     78 0.98425 0.97482 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

59    1     79 0.98283 0.97213 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

60    1     80 0.98137 0.96838 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

61    1     81 0.97991 0.96382 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

62    1     82 0.97831 0.95940 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

63    1     83 0.97637 0.95386 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

64    1     84 0.97333 0.94788 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

65    1     85 0.97255 0.94172 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

66    1     86 0.97126 0.93434 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

67    1     87 0.96937 0.92610 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

68    1     88 0.96452 0.91639 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

69    1     89 0.96551 0.90499 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

70    1     90 0.95622 0.88675 0.00000 0.00551 0.01009 0.00000 0.00097 0.29076 0.23825 0.00055 0.00000 0.27570 0.37999 

71    2     21 0.99990 0.99985 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

72    2     22 0.99995 0.99974 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

73    2     23 0.99984 0.99984 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

74    2     24 0.99995 0.99982 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

75    2     25 0.99994 0.99979 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

76    2     26 0.99986 0.99974 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

77    2     27 0.99992 0.99979 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

78    2     28 0.99988 0.99978 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

79    2     29 0.99987 0.99976 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

80    2     30 0.99988 0.99980 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

81    2     31 0.99987 0.99975 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

82    2     32 0.99983 0.99972 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

83    2     33 0.99983 0.99978 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

84    2     34 0.99983 0.99975 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 
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85    2     35 0.99981 0.99974 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

86    2     36 0.99979 0.99969 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

87    2     37 0.99980 0.99971 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

88    2     38 0.99975 0.99971 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

89    2     39 0.99970 0.99968 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

90    2     40 0.99973 0.99962 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

91    2     41 0.99964 0.99966 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

92    2     42 0.99960 0.99955 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

93    2     43 0.99962 0.99956 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

94    2     44 0.99955 0.99950 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

95    2     45 0.99949 0.99951 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

96    2     46 0.99946 0.99942 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

97    2     47 0.99933 0.99943 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

98    2     48 0.99932 0.99933 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

99    2     49 0.99922 0.99932 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

100   2     50 0.99914 0.99927 0.03690 0.01502 0.03788 0.02384 0.00052 0.51576 0.71354 0.00272 0.00272 0.52877 0.68968 

101   2     51 0.99913 0.99920 0.02847 0.00882 0.02440 0.02043 0.00052 0.76873 0.74875 0.00238 0.00238 0.50860 0.68186 

102   2     52 0.99903 0.99918 0.02847 0.00882 0.02440 0.02043 0.00052 0.76873 0.74875 0.00238 0.00238 0.50860 0.68186 

103   2     53 0.99900 0.99912 0.02847 0.00882 0.02440 0.02043 0.00052 0.76873 0.74875 0.00238 0.00238 0.50860 0.68186 

104   2     54 0.99884 0.99908 0.02847 0.00882 0.02440 0.02043 0.00052 0.76873 0.74875 0.00238 0.00238 0.50860 0.68186 

105   2     55 0.99879 0.99898 0.02847 0.00882 0.02440 0.02043 0.00052 0.76873 0.74875 0.00238 0.00238 0.50860 0.68186 

106   2     56 0.99886 0.99891 0.02847 0.00882 0.02440 0.02043 0.00052 0.76873 0.74875 0.00238 0.00238 0.50860 0.68186 

107   2     57 0.99871 0.99885 0.02847 0.00882 0.02440 0.02043 0.00052 0.76873 0.74875 0.00238 0.00238 0.50860 0.68186 

108   2     58 0.99867 0.99877 0.02847 0.00882 0.02440 0.02043 0.00052 0.76873 0.74875 0.00238 0.00238 0.50860 0.68186 

109   2     59 0.99856 0.99867 0.02847 0.00882 0.02440 0.02043 0.00052 0.76873 0.74875 0.00238 0.00238 0.50860 0.68186 

110   2     60 0.99844 0.99856 0.02847 0.00882 0.02440 0.02043 0.00052 0.76873 0.74875 0.00238 0.00238 0.50860 0.68186 

111   2     61 0.99815 0.99845 0.00880 0.00502 0.01742 0.01657 0.00052 0.66384 0.74187 0.00125 0.00125 0.54023 0.61440 

112   2     62 0.99788 0.99829 0.00880 0.00502 0.01742 0.01657 0.00052 0.66384 0.74187 0.00125 0.00125 0.54023 0.61440 

113   2     63 0.99755 0.99823 0.00880 0.00502 0.01742 0.01657 0.00052 0.66384 0.74187 0.00125 0.00125 0.54023 0.61440 

114   2     64 0.99743 0.99805 0.00880 0.00502 0.01742 0.01657 0.00052 0.66384 0.74187 0.00125 0.00125 0.54023 0.61440 
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115   2     65 0.99712 0.99790 0.00880 0.00502 0.01742 0.01657 0.00052 0.66384 0.74187 0.00125 0.00125 0.54023 0.61440 

116   2     66 0.99686 0.99765 0.00880 0.00502 0.01742 0.01657 0.00052 0.66384 0.74187 0.00125 0.00125 0.54023 0.61440 

117   2     67 0.99668 0.99749 0.00880 0.00502 0.01742 0.01657 0.00052 0.66384 0.74187 0.00125 0.00125 0.54023 0.61440 

118   2     68 0.99624 0.99707 0.00880 0.00502 0.01742 0.01657 0.00052 0.66384 0.74187 0.00125 0.00125 0.54023 0.61440 

119   2     69 0.99587 0.99687 0.00880 0.00502 0.01742 0.01657 0.00052 0.66384 0.74187 0.00125 0.00125 0.54023 0.61440 

120   2     70 0.99541 0.99640 0.00880 0.00502 0.01742 0.01657 0.00052 0.66384 0.74187 0.00125 0.00125 0.54023 0.61440 

121   2     71 0.99374 0.99562 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

122   2     72 0.99312 0.99516 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

123   2     73 0.99234 0.99453 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

124   2     74 0.99138 0.99364 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

125   2     75 0.99069 0.99288 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

126   2     76 0.98977 0.99169 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

127   2     77 0.98888 0.99066 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

128   2     78 0.98783 0.98893 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

129   2     79 0.98672 0.98775 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

130   2     80 0.98527 0.98569 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

131   2     81 0.98416 0.98252 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

132   2     82 0.98193 0.98067 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

133   2     83 0.98043 0.97846 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

134   2     84 0.97946 0.97349 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

135   2     85 0.97736 0.96926 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

136   2     86 0.97620 0.96502 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

137   2     87 0.97355 0.95959 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

138   2     88 0.97068 0.95278 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

139   2     89 0.96861 0.94437 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 

140   2     90 0.96466 0.93050 0.00000 0.00000 0.00902 0.01268 0.00052 0.33735 0.46415 0.00000 0.00000 0.43163 0.52503 
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The following code creates a life table (Table 8) for the above example patient: 

 
pred <- function(df) { 

 

if(!require(tidyverse)) { 

    install.packages('tidyverse') 

    library(tidyverse) 

} 

 

  out = df %>% 

filter(between(age_base, 20, 80)) %>% 

    mutate( 

      bmi0=bmi-23, sbp0=sbp-120, dbp0=dbp-80, chol0=chol-200, 

      sbpu=sbp0*(1-htnt), sbpt=sbp0*htnt, dbpu=dbp0*(1-htnt) 

    ) %>% 

    left_join(mmat, by=c('sex')) %>% 

    filter(age_at>=age_base+1) %>% 

    group_by(id) %>% 

    mutate( 

      rcvd = 1-bsurv1^exp(b1_bmi*bmi0 + b1_sbpu*sbpu + b1_sbpt*sbpt + 

b1_dbpu*dbpu + b1_chol*chol0 + b1_dm*dm + 

b1_smok*smok), 

      rdth = 1-bsurv2^exp(b2_sbpu*sbpu + b2_sbpt*sbpt + b2_dm*dm + 

b2_smok*smok), 

      cumsurv = cumprod(1-rcvd-rdth), 

      cumcvd = cumsum(lag(cumsurv,1,1)*rcvd), 

      cumdth = cumsum(lag(cumsurv,1,1)*rdth) 

    ) %>% 

    ungroup %>% 

    select(id, rcvd, rdth, cumcvd, cumdth, cumsurv) 

 

df %>% left_join(out, by='id') 

} 

 

 

> pred(df) %>% select(age_at, rcvd, rdth, cumcvd, cumdth, cumsurv) 

age_at    rcvd    rdth   cumcvd  cumdth cumsurv 

1      56 0.00624 0.00376 0.00624 0.00376 0.99000 

2      57 0.00695 0.00394 0.01312 0.00766 0.97922 

3      58 0.00688 0.00433 0.01986 0.01190 0.96823 

4      59 0.00762 0.00483 0.02724 0.01658 0.95618 

5      60 0.00781 0.00516 0.03470 0.02151 0.94379 

6      61 0.00719 0.00580 0.04149 0.02699 0.93152 

7      62 0.00790 0.00646 0.04885 0.03300 0.91815 

8      63 0.00853 0.00711 0.05668 0.03953 0.90378 

9      64 0.00917 0.00761 0.06498 0.04641 0.88861 
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10     65 0.00978 0.00856 0.07367 0.05402 0.87231 

11     66 0.01050 0.00925 0.08283 0.06208 0.85508 

12     67 0.01105 0.01057 0.09228 0.07113 0.83659 

13     68 0.01175 0.01199 0.10211 0.08116 0.81673 

14     69 0.01296 0.01319 0.11270 0.09193 0.79538 

15     70 0.01393 0.01472 0.12378 0.10363 0.77259 

16     71 0.01336 0.01618 0.13410 0.11613 0.74977 

17     72 0.01403 0.01834 0.14462 0.12988 0.72550 

18     73 0.01533 0.02019 0.15574 0.14453 0.69973 

19     74 0.01672 0.02327 0.16744 0.16081 0.67175 

20     75 0.01807 0.02601 0.17958 0.17828 0.64214 

21     76 0.01948 0.03008 0.19209 0.19760 0.61031 

22     77 0.02166 0.03257 0.20531 0.21748 0.57721 

23     78 0.02310 0.03700 0.21865 0.23883 0.54252 

24     79 0.02518 0.04093 0.23231 0.26104 0.50666 

25     80 0.02731 0.04639 0.24614 0.28454 0.46931 

26     81 0.02945 0.05302 0.25997 0.30942 0.43061 

27     82 0.03177 0.05943 0.27365 0.33502 0.39134 

28     83 0.03460 0.06746 0.28719 0.36141 0.35140 

29     84 0.03902 0.07609 0.30090 0.38815 0.31095 

30     85 0.04017 0.08494 0.31339 0.41457 0.27204 

31     86 0.04203 0.09553 0.32482 0.44056 0.23462 

32     87 0.04479 0.10730 0.33533 0.46573 0.19894 

33     88 0.05182 0.12111 0.34564 0.48982 0.16454 

34     89 0.05037 0.13723 0.35393 0.51240 0.13367 

35     90 0.06380 0.16281 0.36245 0.53417 0.10338 
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Appendix 6. Predicted vs. observed 10-year risk in the derivation set 

Endpoint/  Men    Women  
Predicted risk 
decile 

Predicted 
% 

Observed 
% 

Ratio  
Predicted 

% 
Observed 

% 
Ratio 

CVD events        
1, lowest 0.17  0.19  0.902   0.07  0.07  1.008  
2 0.34  0.30  1.108   0.12  0.12  1.038  
3 0.53  0.49  1.100   0.24  0.23  1.042  
4 0.81  0.71  1.142   0.45  0.40  1.111  
5 1.22  1.12  1.086   0.71  0.65  1.086  
6 1.79  1.72  1.041   1.05  1.01  1.040  
7 2.65  2.60  1.019   1.63  1.68  0.972  
8 4.03  3.99  1.009   2.77  2.84  0.975  
9 6.71  6.65  1.009   5.38  5.62  0.956  
10, highest 13.89  14.16  0.981   12.69  13.68  0.928  
Overall 3.21  3.19  1.006   2.51  2.63  0.954  
GND statistic  121.6     229.2   
        
Non-CV death        
1, lowest 0.40  0.43  0.924   0.22  0.23  0.984  
2 0.52  0.52  1.015   0.26  0.27  0.954  
3 0.62  0.62  1.012   0.39  0.41  0.951  
4 0.80  0.82  0.972   0.58  0.59  0.975  
5 1.08  1.13  0.960   0.74  0.75  0.994  
6 1.51  1.63  0.926   0.95  0.96  0.992  
7 2.18  2.35  0.928   1.27  1.32  0.960  
8 3.44  3.75  0.919   1.89  1.95  0.973  
9 6.51  6.82  0.955   3.49  3.45  1.009  
10, highest 18.85  19.12  0.986   11.00  10.85  1.015  
Overall 3.59  3.72  0.966   2.08  2.08  1.001  
GND statistic  200.7     17.8   
        
Combined        
1, lowest 0.60  0.67  0.892   0.30  0.31  0.975  
2 0.86  0.82  1.053   0.39  0.39  0.995  
3 1.18  1.14  1.035   0.63  0.65  0.969  
4 1.65  1.60  1.028   1.04  1.00  1.042  
5 2.33  2.33  1.001   1.47  1.39  1.060  
6 3.33  3.40  0.979   2.02  2.07  0.975  
7 4.87  5.05  0.964   2.92  2.96  0.985  
8 7.50  7.76  0.967   4.67  4.81  0.972  
9 13.26  13.44  0.987   8.89  9.08  0.979  
10, highest 32.48  32.93  0.986   23.56  24.43  0.964  
Overall 6.81  6.91  0.984   4.59  4.71  0.975  
GND statistic  95.4     83.4   

CV, cardiovascular; CVD, cardiovascular disease; GND, Greenwood-Nam-

D’Agostino.  
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Appendix 7. Characteristics of the holdout validation set 

Variable All Men Women 

 (N=4,873,309) (N=2,776,941) (N=2,096,368) 

Age, years 44 [34-54] 42 [34-52] 46 [35-56] 

Body mass index, kg/m2 23.5 ± 3.1 23.9 ± 3.0 23.0 ± 3.2 

Systolic BP, mmHg 123.6 ± 16.3 125.9 ± 15.4 120.5 ± 17.0 

Diastolic BP, mmHg 77.5 ± 10.8 79.3 ± 10.5 75.1 ± 10.8 

Taking BP-lowering drugs 617,848 (12.7) 306,707 (11.0) 311,141 (14.8) 

Total cholesterol, mg/dL 192.5 ± 36.1 192.5 ± 35.4 192.4 ± 37.0 

Diabetes mellitus 346,993 (7.1) 221,926 (8.0) 125,067 (6.0) 

Current smoking 1,330,155 (27.3) 1,271,466 (45.8) 58,689 (2.8) 

Follow-up, years 15.1 [14.3-15.4] 15.1 [14.4-15.5] 15.0 [14.3-15.4] 

Values presented in frequency (%), mean ± SD, or median [interquartile range]. 

BP, blood pressure.  
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Appendix 8. Characteristics of the KoGES-AA external validation set 

Variable All Men Women 

 (N=7,365) (N=3,500) (N=3,865) 

Age, years 50 [44-59] 49 [44-58] 51 [44-60] 

Body mass index, kg/m2 24.6 ± 3.1 24.3 ± 2.9 24.9 ± 3.2 

Systolic BP, mmHg 121.0 ± 18.7 122.1 ± 17.1 119.9 ± 19.9 

Diastolic BP, mmHg 80.4 ± 11.6 82.1 ± 11.1 78.9 ± 11.8 

Taking BP-lowering drugs 705 (9.6) 259 (7.4) 446 (11.5) 

Total cholesterol, mg/dL 191.0 ± 34.8 192.2 ± 35.2 190.0 ± 34.4 

Diabetes mellitus 439 (6.0) 238 (6.8) 201 (5.2) 

Current smoking 1,698 (23.1) 1,597 (45.6) 101 (2.6) 

Follow-up, years 15.8 [15.3-16.2] 15.7 [15.2-16.1] 16.0 [15.4-16.3] 

Values presented in frequency (%), mean ± SD, or median [interquartile range]. 

Ansan and Ansung study; BP, blood pressure; AA, KoGES, Korean Genome and 

Epidemiology Study.  
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Appendix 9. Characteristics of the KoGES-CAVAS external validation set 

Variable All Men Women 

 (N=12,070) (N=4,754) (N=7,316) 

Age, years 59 [51-65] 60 [52-66] 58 [50-65] 

Body mass index, kg/m2 24.5 ± 3.1 24.1 ± 3.0 24.7 ± 3.2 

Systolic BP, mmHg 125.1 ± 17.8 126.7 ± 16.9 124.1 ± 18.2 

Diastolic BP, mmHg 80.1 ± 11.3 81.8 ± 10.8 79.0 ± 11.4 

Taking BP-lowering drugs 1,330 (11.0) 447 (9.4) 883 (12.1) 

Total cholesterol, mg/dL 199.3 ± 36.7 192.9 ± 35.3 203.4 ± 37.0 

Diabetes mellitus 1,182 (9.8) 545 (11.5) 637 (8.7) 

Current smoking 1,896 (15.7) 1,711 (36.0) 185 (2.5) 

Follow-up, years 11.4 [11.0-11.6] 11.4 [10.5-11.6] 11.4 [11.1-11.8] 

Values presented in frequency (%), mean ± SD, or median [interquartile range]. 

BP, blood pressure; CAVAS, CArdioVascular Association Study; KoGES, 

Korean Genome and Epidemiology Study.  
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Appendix 10. Characteristics of the KoGES-HEXA external validation set 

Variable All Men Women 

 (N=24,204) (N=7,893) (N=16,311) 

Age, years 52 [46-59] 54 [47-62] 51 [46-58] 

Body mass index, kg/m2 23.9 ± 2.8 24.3 ± 2.7 23.7 ± 2.8 

Systolic BP, mmHg 122.5 ± 15.9 126.5 ± 15.2 120.6 ± 15.9 

Diastolic BP, mmHg 76.5 ± 10.1 79.5 ± 9.8 75.1 ± 10.0 

Taking BP-lowering drugs 2,870 (11.9) 1,123 (14.2) 1,747 (10.7) 

Total cholesterol, mg/dL 196.5 ± 34.7 193.5 ± 33.9 198.0 ± 35.0 

Diabetes mellitus 1,453 (6.0) 757 (9.6) 696 (4.3) 

Current smoking 2,577 (10.6) 2,293 (29.1) 284 (1.7) 

Follow-up, years 10.8 [10.4-11.5] 10.7 [10.3-11.4] 10.8 [10.4-11.5] 

Values presented in frequency (%), mean ± SD, or median [interquartile range]. 

BP, blood pressure; HEXA, Health EXAminees study; KoGES, Korean Genome 

and Epidemiology Study.  
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Appendix 11. Sex- and age-specific incidence rates of cardiovascular events in 

the validation sets 

Cohort/  Men    Women  

Age* Events  Person-yrs Rate†  Events Person-yrs Rate† 

Holdout set      

20-40 3,931 9,164,137 42.9   924 6,777,753 13.6  

40-50 16,140 11,803,433 136.7   3,310 5,984,747 55.3  

50-60 31,161 9,527,384 327.1   10,270 7,715,232 133.1  

60-70 38,361 5,722,822 670.3   20,646 5,618,194 367.5  

70-90 58,200 3,390,436 1716.6   55,962 4,113,906 1360.3  

        

KoGES-AA        

20-40 - - -  - - - 

40-50 20 10,245 195.2  13 10,458 124.3 

50-60 74 20,884 354.3  41 21,516 190.6 

60-70 87 13,965 623.0  74 16,907 437.7 

70-90 107 7,439 1438.4  121 10,428 1160.3 

        

KoGES-CAVAS      

20-40 - - -  - - - 

40-50 10 3,848 259.8  5 7,713 64.8 

50-60 47 13,675 343.7  36 24,509 146.9 

60-70 109 17,865 610.1  116 26,712 434.3 

70-90 236 14,669 1608.9  266 21,171 1256.4 

        

KoGES-HEXA      

20-40 - - -  - - - 

40-50 15 14,164 105.9  13 36,399 35.7 

50-60 78 28,440 274.3  80 78,059 102.5 

60-70 166 27,057 613.5  122 48,864 249.7 

70-90 132 13,706 963.1  90 15,398 584.5 

*Attained age; intervals are left-open and right-closed. 

†Rate per 100,000 person-years. 

AA, Ansan and Ansung study; CAVAS, CArdioVascular Association Study; 

CVD, cardiovascular disease; HEXA, Health EXAminees study; KoGES, Korean 

Genome and Epidemiology Study.  
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Appendix 12. Sex- and age-specific incidence rates of non-cardiovascular death 

in the validation sets 

Cohort/  Men    Women  

Age* Events  Person-yrs Rate†  Events Person-yrs Rate† 

Holdout set      

20-40 5,041 9,175,378 54.9   1,875 6,781,547 27.6  

40-50 13,359 11,864,389 112.6   3,523 5,996,411 58.8  

50-60 27,752 9,674,312 286.9   8,970 7,764,488 115.5  

60-70 43,239 5,914,449 731.1   15,075 5,717,029 263.7  

70-90 105,693 3,645,649 2899.2   62,290 4,364,326 1427.3  

        

KoGES-AA        

20-40 - - -  - - - 

40-50 2 10,315 19.4  0 10,490 - 

50-60 37 21,290 173.8  18 21,767 82.7 

60-70 32 14,474 221.1  30 17,336 173.1 

70-90 131 8,158 1605.7  67 11,276 594.2 

        

KoGES-CAVAS      

20-40 - - -  - - - 

40-50 2 3,872 51.7  2 7,725 25.9 

50-60 54 13,842 390.1  25 24,647 101.4 

60-70 109 18,290 596.0  52 27,184 191.3 

70-90 376 15,539 2419.7  202 22,286 906.4 

        

KoGES-HEXA      

20-40 - - -  - - - 

40-50 12 14,209 84.5  14 36,442 38.4 

50-60 48 28,718 167.1  40 78,366 51.0 

60-70 122 27,670 440.9  50 49,388 101.2 

70-90 177 14,296 1238.1  88 15,896 553.6 

*Attained age; intervals are left-open and right-closed. 

†Rate per 100,000 person-years. 

AA, Ansan and Ansung study; CAVAS, CArdioVascular Association Study; 

CVD, cardiovascular disease; HEXA, Health EXAminees study; KoGES, Korean 

Genome and Epidemiology Study. 
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Appendix 13. Predicted vs. observed 10-year risk in the holdout validation set 

Endpoint/  Men    Women  
Predicted risk 
decile 

Predicted 
% 

Observed 
% 

Ratio  
Predicted 

% 
Observed 

% 
Ratio 

CVD events        
1, lowest 0.17  0.19  0.890   0.07  0.08  0.892  
2 0.34  0.32  1.061   0.12  0.12  1.034  
3 0.53  0.46  1.171   0.24  0.22  1.081  
4 0.81  0.75  1.088   0.45  0.43  1.048  
5 1.22  1.14  1.065   0.70  0.66  1.075  
6 1.79  1.73  1.038   1.05  1.03  1.018  
7 2.65  2.56  1.035   1.63  1.61  1.012  
8 4.03  4.03  1.002   2.77  2.84  0.974  
9 6.71  6.64  1.010   5.38  5.58  0.964  
10, highest 13.88  14.23  0.975   12.68  13.79  0.920  
Overall 3.21  3.21  1.003   2.51  2.64  0.952  
GND statistic  122.9     252.8   
        
Non-CV death        
1, lowest 0.40  0.44  0.913   0.22  0.22  1.020  
2 0.52  0.52  1.005   0.26  0.26  0.994  
3 0.62  0.63  0.988   0.39  0.43  0.906  
4 0.80  0.79  1.012   0.58  0.62  0.929  
5 1.08  1.16  0.937   0.74  0.77  0.956  
6 1.51  1.66  0.907   0.95  0.97  0.978  
7 2.18  2.38  0.915   1.27  1.26  1.003  
8 3.45  3.77  0.915   1.89  1.92  0.988  
9 6.51  6.86  0.948   3.49  3.55  0.983  
10, highest 18.85  19.15  0.984   11.00  10.82  1.016  
Overall 3.59  3.74  0.962   2.08  2.08  0.998  
GND statistic  261.4     28.7   
        
Combined        
1, lowest 0.60  0.69  0.862   0.30  0.29  1.024  
2 0.86  0.85  1.012   0.39  0.39  0.994  
3 1.18  1.10  1.075   0.63  0.65  0.965  
4 1.65  1.58  1.039   1.04  1.06  0.981  
5 2.33  2.39  0.975   1.47  1.49  0.990  
6 3.34  3.43  0.972   2.02  2.01  1.005  
7 4.87  5.11  0.954   2.91  2.91  1.003  
8 7.51  7.76  0.968   4.66  4.75  0.982  
9 13.26  13.55  0.979   8.90  9.14  0.973  
10, highest 32.48  32.98  0.985   23.55  24.50  0.961  
Overall 6.81  6.94  0.980   4.59  4.72  0.972  
GND statistic  148.4     77.3   

CV, cardiovascular; CVD, cardiovascular disease; GND, Greenwood-Nam-

D’Agostino.  
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Appendix 14. Predicted vs. observed 10-year cardiovascular risk in the external 

validation sets 

Cohort/  Men    Women  

Predicted risk 

quintile 

Predicted 

% 

Observed 

% 
Ratio  

Predicted 

% 

Observed 

% 
Ratio 

KoGES-AA        

1, lowest 0.99  1.71  0.579   0.43  0.52  0.825  

2 1.84  1.86  0.990   0.83  0.65  1.277  

3 2.91  2.00  1.456   1.56  2.85  0.548  

4 4.93  5.29  0.933   3.23  4.53  0.714  

5, highest 9.83  10.29  0.955   7.41  8.54  0.867  

Overall 4.10  4.23  0.970   2.69  3.42  0.788  

GND statistic  5.5     9.4   

        

KoGES-CAVAS        

1, lowest 1.89  2.42  0.781   0.73  0.75  0.971  

2 3.76  3.36  1.118   1.56  1.23  1.272  

3 6.08  4.95  1.229   3.01  3.28  0.917  

4 9.39  9.15  1.026   5.61  6.43  0.873  

5, highest 14.86  15.98  0.930   11.28  12.98  0.869  

Overall 7.19  7.17  1.003   4.44  4.93  0.900  

GND statistic  5.1     7.1   

        

KoGES-HEXA        

1, lowest 1.22  0.57  2.134   0.46  0.18  2.486  

2 2.43  2.47  0.983   0.84  0.61  1.367  

3 3.95  4.18  0.945   1.35  1.35  1.004  

4 6.39  5.26  1.215   2.34  1.69  1.386  

5, highest 11.78  9.31  1.265   6.28  4.60  1.365  

Overall 5.15  4.36  1.182   2.25  1.69  1.336  

GND statistic  27.3     45.3   

AA, Ansan and Ansung study; CAVAS, CArdioVascular Association Study; 

GND, Greenwood-Nam-D’Agostino; HEXA, Health EXAminees study; KoGES, 

Korean Genome and Epidemiology Study.  
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Appendix 15. Weighted characteristics of the KNHANES IV-VII participants 

Variable All Men Women 

 (N=59,205) (N=25,142) (N=34,063) 

Age, years 45.2 (45.0-45.4) 44.3 (44.0-44.5) 46.1 (45.9-46.4) 

Body mass index, kg/m2 23.8 (23.7-23.8) 24.3 (24.2-24.3) 23.2 (23.2-23.3) 

Systolic BP, mmHg 116.4 (116.2-116.6) 119.0 (118.7-119.2) 113.9 (113.6-114.2) 

Diastolic BP, mmHg 75.7 (75.5-75.8) 78.3 (78.1-78.5) 73.0 (72.9-73.2) 

Taking BP-lowering drugs, % 14.0 (13.6-14.4) 13.3 (12.8-13.8) 14.7 (14.2-15.2) 

Total cholesterol, mg/dL 189.9 (189.5-190.3) 189.7 (189.1-190.2) 190.2 (189.7-190.7) 

Diabetes mellitus, % 8.5 (8.2-8.7) 9.5 (9.1-9.9) 7.4 (7.1-7.8) 

Current smoking, % 24.1 (23.6-24.5) 42.6 (41.8-43.4) 5.9 (5.6-6.3) 

Predicted 10-year CVD risk, % 3.2 (3.2-3.3) 3.5 (3.5-3.6) 2.9 (2.8-3.0) 

Predicted lifetime CVD risk, % 28.0 (28.0-28.1) 29.9 (29.8-30.0) 26.2 (26.1-26.2) 

Values presented in population-weighted mean or proportion (standard error). 

BP, blood pressure; CVD, cardiovascular disease; KNHANES, Korea National Health and Nutrition Examination Survey. 
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Appendix 16. Weighted characteristics of the KNHANES IV-VII participants according to 10-year or lifetime cardiovascular 

risk estimate 

Variable Predicted 10-year CVD risk  Predicted lifetime CVD risk 

 Low High  Low High 

 (N=49,697) (N=9,508)  (N=53,756) (N=5,449) 

Proportion, % 90.0 (89.7-90.3) 10.0 (9.7-10.3)  90.0 (89.7-90.3) 10.0 (9.7-10.3) 

Age, years 42.2 (42.0-42.3) 72.7 (72.6-72.9)  45.0 (44.8-45.2) 47.0 (46.6-47.4) 

Sex      

  Male, % 49.2 (48.8-49.7) 51.7 (50.5-52.9)  47.5 (47.0-47.9) 67.6 (66.2-68.9) 

  Female, % 50.8 (50.3-51.2) 48.3 (47.1-49.5)  52.5 (52.1-53.0) 32.4 (31.1-33.8) 

Body mass index, kg/m2 23.7 (23.7-23.8) 24.0 (23.9-24.1)  23.5 (23.5-23.5) 26.1 (25.9-26.2) 

Systolic BP, mmHg 114.6 (114.4-114.8) 132.8 (132.3-133.3)  114.2 (114.0-114.4) 136.4 (135.8-136.9) 

Diastolic BP, mmHg 75.7 (75.6-75.9) 74.9 (74.5-75.2)  74.2 (74.1-74.4) 88.4 (88.0-88.7) 

Taking BP-lowering drugs, % 9.5 (9.2-9.9) 53.8 (52.5-55.1)  12.3 (11.9-12.7) 29.0 (27.6-30.4) 

Total cholesterol, mg/dL 189.8 (189.4-190.2) 190.9 (189.9-191.9)  187.5 (187.1-187.9) 211.9 (210.6-213.2) 

Diabetes mellitus, % 5.9 (5.6-6.1) 32.0 (30.8-33.2)  5.3 (5.1-5.6) 36.6 (35.0-38.1) 

Current smoking, % 24.6 (24.0-25.1) 19.6 (18.6-20.7)  20.0 (19.5-20.4) 61.0 (59.5-62.6) 

Predicted 10-year CVD risk, % 1.8 (1.8-1.8) 16.0 (15.9-16.2)  3.0 (2.9-3.0) 5.4 (5.3-5.6) 

Predicted lifetime CVD risk, % 28.1 (28.0-28.1) 27.5 (27.3-27.7)  27.0 (26.9-27.0) 37.5 (37.4-37.6) 

Values presented in population-weighted mean or proportion (95% confidence interval). 

High 10-year or lifetime CVD risk group corresponds to ≥90th centile of each score. 

BP, blood pressure; CVD, cardiovascular disease; KNHANES, Korea National Health and Nutrition Examination Survey. 
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Appendix 17. Weighted characteristics of the KNHANES IV-VII male participants according to 10-year or lifetime 

cardiovascular risk estimate 

Variable Predicted 10-year CVD risk  Predicted lifetime CVD risk 

 Low High  Low High 

 (N=20,364) (N=4,778)  (N=22,791) (N=2,351) 

Proportion, % 90.0 (89.6-90.4) 10.0 (9.6-10.4)  90.0 (89.5-90.5) 10.0 (9.5-10.5) 

Age, years 41.3 (41.1-41.5) 71.1 (70.8-71.3)  44.1 (43.8-44.4) 45.6 (45.0-46.2) 

Body mass index, kg/m2 24.4 (24.3-24.4) 23.5 (23.4-23.6)  24.1 (24.0-24.1) 26.4 (26.2-26.6) 

Systolic BP, mmHg 117.6 (117.3-117.8) 131.5 (130.8-132.2)  116.8 (116.6-117.0) 138.7 (137.9-139.4) 

Diastolic BP, mmHg 78.6 (78.4-78.8) 75.4 (74.9-75.8)  76.9 (76.7-77.1) 91.0 (90.5-91.6) 

Taking BP-lowering drugs, % 9.6 (9.1-10.0) 46.5 (44.7-48.2)  11.9 (11.4-12.4) 25.5 (23.6-27.5) 

Total cholesterol, mg/dL 190.1 (189.5-190.7) 185.8 (184.4-187.1)  186.5 (185.9-187.1) 218.2 (216.2-220.2) 

Diabetes mellitus, % 7.0 (6.6-7.4) 32.6 (30.9-34.2)  6.4 (6.0-6.7) 38.0 (35.8-40.3) 

Current smoking, % 43.7 (42.8-44.5) 32.6 (31.0-34.3)  39.4 (38.5-40.2) 71.6 (69.6-73.6) 

Predicted 10-year CVD risk, % 2.2 (2.1-2.2) 15.9 (15.7-16.0)  3.3 (3.2-3.4) 5.7 (5.5-5.9) 

Predicted lifetime CVD risk, % 30.0 (30.0-30.1) 28.7 (28.4-28.9)  29.0 (28.9-29.0) 38.2 (38.1-38.4) 

Values presented in population-weighted mean or proportion (95% confidence interval). 

High 10-year or lifetime CVD risk group corresponds to ≥90th centile of each score. 

BP, blood pressure; CVD, cardiovascular disease; KNHANES, Korea National Health and Nutrition Examination Survey. 
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Appendix 18. Weighted characteristics of the KNHANES IV-VII female participants according to 10-year or lifetime 

cardiovascular risk estimate 

Variable Predicted 10-year CVD risk  Predicted lifetime CVD risk 

 Low High  Low High 

 (N=29,275) (N=4,788)  (N=30,607) (N=3,456) 

Proportion, % 90.0 (89.6-90.4) 10.0 (9.6-10.4)  90.0 (89.6-90.4) 10.0 (9.6-10.4) 

Age, years 43.0 (42.8-43.2) 74.5 (74.4-74.7)  45.7 (45.4-46.0) 50.1 (49.5-50.7) 

Body mass index, kg/m2 23.1 (23.0-23.2) 24.4 (24.3-24.5)  23.0 (22.9-23.0) 25.4 (25.2-25.5) 

Systolic BP, mmHg 111.7 (111.4-111.9) 134.0 (133.4-134.7)  111.7 (111.5-112.0) 133.3 (132.5-134.1) 

Diastolic BP, mmHg 72.9 (72.8-73.1) 74.2 (73.8-74.5)  71.8 (71.7-72.0) 83.9 (83.5-84.4) 

Taking BP-lowering drugs, % 9.5 (9.1-9.9) 61.2 (59.4-63.0)  12.1 (11.6-12.6) 37.7 (35.7-39.7) 

Total cholesterol, mg/dL 189.5 (189.0-190.0) 196.1 (194.7-197.4)  189.0 (188.4-189.5) 201.2 (199.6-202.8) 

Diabetes mellitus, % 4.8 (4.5-5.1) 31.1 (29.4-32.7)  4.1 (3.9-4.4) 37.0 (35.0-39.0) 

Current smoking, % 5.9 (5.6-6.3) 5.8 (5.0-6.6)  2.5 (2.3-2.8) 36.3 (34.2-38.3) 

Predicted 10-year CVD risk, % 1.4 (1.4-1.4) 16.2 (16.0-16.4)  2.6 (2.6-2.7) 5.2 (5.0-5.4) 

Predicted lifetime CVD risk, % 26.1 (26.1-26.2) 26.3 (26.0-26.5)  25.0 (25.0-25.1) 36.3 (36.1-36.5) 

Values presented in population-weighted mean or proportion (95% confidence interval). 

High 10-year or lifetime CVD risk group corresponds to ≥90th centile of each score. 

BP, blood pressure; CVD, cardiovascular disease; KNHANES, Korea National Health and Nutrition Examination Survey. 
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Appendix 19. Weighted characteristics of the KNHANES IV-VII male participants by concordance/discordance between 10-

year and lifetime cardiovascular risk estimates 

Variable Low 10-year risk High 10-year risk  Low 10-year risk High 10-year risk 

 Low lifetime risk Low lifetime risk  High lifetime risk High lifetime risk 

 (N=18,517) (N=4,274)  (N=1,847) (N=504) 

Proportion, % 81.5 (80.9-82.0) 8.5 (8.2-8.9)  8.5 (8.1-9.0) 1.5 (1.3-1.6) 

Age, years 41.1 (40.9-41.4) 72.7 (72.6-72.9)  42.9 (42.4-43.4) 61.4 (60.7-62.2) 

Body mass index, kg/m2 24.1 (24.1-24.2) 23.3 (23.2-23.4)  26.7 (26.5-26.9) 24.7 (24.4-25.1) 

Systolic BP, mmHg 115.6 (115.4-115.8) 127.9 (127.3-128.5)  136.2 (135.5-137.0) 152.8 (150.9-154.8) 

Diastolic BP, mmHg 77.3 (77.1-77.5) 73.3 (72.9-73.7)  91.6 (91.1-92.2) 87.6 (86.1-89.1) 

Taking BP-lowering drugs, % 8.6 (8.1-9.0) 43.9 (42.1-45.7)  19.4 (17.4-21.4) 61.7 (56.5-66.8) 

Total cholesterol, mg/dL 186.9 (186.3-187.5) 182.2 (180.9-183.5)  220.1 (218.0-222.2) 206.8 (202.1-211.5) 

Diabetes mellitus, % 4.3 (4.0-4.7) 25.8 (24.2-27.5)  32.2 (29.8-34.7) 71.9 (67.2-76.6) 

Current smoking, % 40.7 (39.8-41.5) 27.1 (25.5-28.7)  72.7 (70.4-74.9) 65.3 (60.4-70.1) 

Predicted 10-year CVD risk, % 2.0 (1.9-2.0) 16.0 (15.9-16.2)  4.2 (4.0-4.3) 14.8 (14.3-15.3) 

Predicted lifetime CVD risk, % 29.2 (29.2-29.3) 26.7 (26.5-26.9)  37.9 (37.7-38.0) 40.3 (39.7-40.8) 

Values presented in population-weighted mean or proportion (95% confidence interval). 

High 10-year or lifetime CVD risk group corresponds to ≥90th centile of each score. 

BP, blood pressure; CVD, cardiovascular disease; KNHANES, Korea National Health and Nutrition Examination Survey. 
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Appendix 20. Weighted characteristics of the KNHANES IV-VII female participants by concordance/discordance between 

10-year and lifetime cardiovascular risk estimates 

Variable Low 10-year risk High 10-year risk  Low 10-year risk High 10-year risk 

 Low lifetime risk Low lifetime risk  High lifetime risk High lifetime risk 

 (N=26,631) (N=3,976)  (N=2,644) (N=812) 

Proportion, % 81.7 (81.1-82.2) 8.3 (8.0-8.7)  8.3 (8.0-8.7) 1.7 (1.5-1.8) 

Age, years 42.6 (42.4-42.8) 75.6 (75.5-75.7)  46.3 (45.8-46.8) 69.2 (68.7-69.6) 

Body mass index, kg/m2 22.9 (22.8-22.9) 24.2 (24.1-24.3)  25.3 (25.2-25.5) 25.5 (25.2-25.8) 

Systolic BP, mmHg 109.8 (109.6-110.0) 130.9 (130.3-131.5)  130.0 (129.2-130.9) 149.7 (148.0-151.3) 

Diastolic BP, mmHg 71.7 (71.6-71.9) 72.9 (72.5-73.3)  84.7 (84.2-85.1) 80.3 (79.3-81.3) 

Taking BP-lowering drugs, % 7.6 (7.3-8.0) 55.9 (53.9-57.9)  27.7 (25.7-29.7) 87.8 (85.2-90.5) 

Total cholesterol, mg/dL 188.3 (187.7-188.8) 195.6 (194.1-197.0)  201.7 (199.9-203.6) 198.5 (195.1-201.8) 

Diabetes mellitus, % 2.2 (2.0-2.4) 22.8 (21.2-24.3)  29.9 (27.9-31.9) 72.8 (69.1-76.4) 

Current smoking, % 2.5 (2.2-2.7) 3.2 (2.5-3.8)  39.7 (37.4-41.9) 19.2 (15.9-22.5) 

Predicted 10-year CVD risk, % 1.3 (1.2-1.3) 16.1 (15.9-16.3)  2.9 (2.8-3.1) 16.5 (15.9-17.1) 

Predicted lifetime CVD risk, % 25.1 (25.1-25.2) 24.0 (23.9-24.2)  36.1 (35.9-36.2) 37.4 (37.0-37.8) 

Values presented in population-weighted mean or proportion (95% confidence interval). 

High 10-year or lifetime CVD risk group corresponds to ≥90th centile of each score. 

BP, blood pressure; CVD, cardiovascular disease; KNHANES, Korea National Health and Nutrition Examination Survey. 
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ABSTRACT (IN KOREAN) 

 

저위험 인구집단을 위한 심혈관질환 예측 모형 개발 

 

<지도교수 김현창> 

 

연세대학교 대학원 의학과 

 

이  호  규 

 

 

 

서론: 최근 젊은 연령대에서 비만, 고혈압 등 심혈관질환 위험

요인의 유병이 증가하고 있다. 젊은 인구집단의 경우 예방적 약

물치료의 효과에 대한 임상연구가 부족하고, 위험요인이 많더라

도 단기적으로는 심혈관질환 절대위험도가 낮기 때문에 예방적 

중재 선택에 어려움이 있다. 본 연구의 목적은 전체 한국인에서 

연령에 따라 위험요인이 심혈관질환 발생에 기여하는 정도를 조

사하고, 이를 토대로 젊고 위험도가 낮은 인구집단에 적용 가능

한 평생 심혈관질환 발생 예측 모형을 개발하고자 함이다. 

 

연구방법: 2004-2005년 국가 일반건강검진을 수검한 20-89세 한

국인 10,718,183명 중 50%를 층화임의추출하여 모형 개발용 데

이터셋을 구축하였고, 나머지 50%로는 홀드아웃(holdout) 검정용 

데이터셋을 구축하였다. 콕스비례위험모형(Cox proportional hazards 

model)에 좌측절단(left truncation)과 시간변동계수(time-varying 

coefficient)를 적용하여 연령에 따라 혈압, 체질량지수, 콜레스테

롤, 당뇨병, 흡연이 심혈관사건(급성심근경색, 뇌졸중, 또는 심혈

관사망) 발생에 기여하는 상대위험도를 조사하고, 이를 토대로 

평생 심혈관질환 예측모형을 개발하였다. 모형의 검증은 10년 

위험도를 기준으로 내적(교차검증), 홀드아웃, 외적 검증을 시행

하였다. 
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연구결과: 개발용 데이터셋에는 심혈관질환 과거력이 없는 

4,894,098명의 대상자가 포함되었고, 이 중 90세 이전까지 

219,523명에서 심혈관사건이 발생했다. 심혈관사건의 상대위험도

는 고령에서 보다 젊은 연령대에서 더 높았다. 예를 들어, 수축

기 혈압 1 표준편차당 위험비(hazard ratio)는 20-40세 남자에서 

1.59, 여자에서 1.78이었고 이후의 연령대에서는 감소하였으며, 

이완기 혈압과 체질량지수는 젊은 연령대에서만 심혈관사건과 

유의한 양의 연관성을 보였다. 이 결과를 토대로 연령별 평생 

심혈관질환 발생 예측 모형을 개발 및 검증하였다. C-index 값은 

교차 및 홀드아웃 검증에서 0.823-0.852, 외적 검증에서 0.700-

0.763 범위를 보였으며, 교정력(calibration) 그래프상 예측된 위험

도와 실제 위험도 간에 높은 일치도를 보였다. 

 

결론: 심혈관 위험요인의 연령변동계수를 이용한 평생 심혈관질

환 예측 모형을 개발하였고, 다수의 검증 데이터셋에서 양호한 

성능을 보였다. 이 모형은 젊고 10년 위험도가 낮은 인구집단의 

예방적 치료 지침에 활용될 수 있다. 
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