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4. Rationale: 

 
Cardiovascular disease (CVD) accounts for nearly 30% of deaths world-wide1. Despite efforts in primary 

prevention, the majority of individuals will develop clinical CVD during their lifetime.2 Lipid-lowering, 

antihypertensive, and antiplatelet therapy are key components of many CVD prevention guidelines.3 4 Those 

guidelines usually recommend preventive therapy to individuals with high predicted cardiovascular risk5 6 

based on a risk score, such as the QRISK and the ACC/AHA risk calculator (i.e., the Pooled Cohort 

Equation).3 7 However, many existing risk prediction scores estimate prognosis in terms of absolute (10-year) 

risk of cardiovascular disease, and not in terms of life-expectancy free of cardiovascular disease. A 10-year 

risk does not reflect the long-term process of atherosclerosis development.8 9 Moreover, use of 10-year risk 

may not identify individuals who (most due to a younger age) have a low 10-year absolute risk, but both a 

relatively high risk compared to their peers and a high cumulative life-time risk.  

 

Aside from the use of 10-year risk to estimate prognosis, existing risk prediction scores have a few other 

limitations, such as  not considering the competing risk of non-CVD mortality or not being based on 

international data, and therefore have limited generalizability, or are prone to several types of bias.7 Also, 

expressing prognosis in terms of life-expectancy free of cardiovascular disease, rather than an absolute risk-

percent (i.e. a probability), may increase patient understanding of prognosis. Therefore, here, we propose to 

develop a life-expectancy prediction model and validate using established community-based cohorts in the US 

and Europe. Once that life-expectancy prediction model is developed and validated, we will try to develop an 

interactive application that can indicate the effects of preventive therapy as the gain in life-expectancy (i.e. 

months or years). This application may facilitate doctor-patient communication and may positively influence 

adherence to preventive therapies. 

 

5. Main Hypothesis/Study Questions: 

a. Aims: 

1. To develop and externally validate a competing-risk model for individualized prediction of CVD-

free survival in patients without clinical CVD using data from US and Western-European 

populations based on easy-to-measure clinical characteristics 

2. To develop an interactive application which combines the prediction score from Aim 1 with 

average treatment effects from meta-analyses of clinical trials (i.e. relative risk reduction) in order 



to estimate and effectively communicate the effects of anti-lipid, antihypertensive, and antiplatelet 

therapy for real-time individual patients in terms of months or years gain in CVD-free life-

expectancy.  

 

6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of interest with 

specific reference to the time of their collection, summary of data analysis, and any anticipated 

methodologic limitations or challenges if present). 

 

a. Participant inclusion/exclusion criteria 

All participants with necessary risk factor data will be included, so long as these are without clinical CVD, 

and without conditions associated with a poor prognosis at baseline (e.g. severe chronic kidney disease, 

eGFR <30 ml/min/1.73m2, known (terminal) malignancy, or chronic heart failure at baseline).  

 

b. Study Design: Life-time prediction using cohort data   

Current Cohorts:  

 Atherosclerosis Risk in Communities Study (ARIC)10  

o Data derived from the 4th visit (inclusion 1996), in order to minimize the effects of the 

differences in cohort commencement dates with EPIC and MESA 

o Planning to use as a validation cohort  

 European Prospective Investigation Into Cancer and Nutrition (EPIC) cohort, comprised of two 

separate cohorts:  

o The Prospect cohort and the Monitoring Project on Risk Factors for Chronic Disease 

(MORGEN) cohort11 12 (baseline inclusion 1993 – 1997)  

o Planning to use as a validation cohort  

 Multi-ethnic Study of Atherosclerosis (MESA)13 

o Baseline visit (inclusion 2000)  

o Planning to use as  the derivation cohort (justification is described below) 

c. Exposures:  

Potential Predictors:  Potential predictors are pre-selected based on literature, availability in clinical 

practice, and availability in the dataset. 

 

Score 1: age, sex, smoking status, systolic blood pressure, total cholesterol and HDL-cholesterol,3 as well 

as race/ethnicity, presence of diabetes, and family history of coronary heart disease. 

 

Score 2: Coronary Artery Calcium Score (CAC) in addition to predictors from score 1 (ARIC data will 

not be used in Score 2 given lack of CAC data).   



 

d. Outcomes:  

The primary outcomes across all cohorts will be: 

1) Main Outcome: Major cardiovascular events, defined as fatal or non-fatal CHD or stroke, or death 

due to a cardiovascular event.  

2) Competing-outcome: death from any non-cardiovascular cause.  

 

e. Statistical Analysis (Brief):  

Statistical analysis will be performed using R-Statistical Software.  

 

Model Development for Aim 1:  

The MESA cohort, due to a wide range of baseline ages, an ethnically/racially diverse population, and cohort 

commencement in 2000, is the most optimal cohort for model development. Multiple imputation will be used 

to handle missing data (assuming missing-at-random values) using predictive mean matching, since complete 

cases analysis may lead to both bias and loss of statistical power. Continuous variables will be truncated at the 

highest and lowest 1% to limit the effect of outliers. Continuous variables will be transformed based on the 

Akaike Information Criterion of the full model, where a difference of >2 points indicate necessary variable 

transformation (i.e. logarithmic or quadratic transformation).14 Predictors will be pre-specified to avoid 

testimation bias which may lead to overfitting. Specifying predictors based on withstanding a statistical test 

(e.g. backward or stepwise selection) tends to select predictors with extreme effects, and may not select true 

predictors with small effects.14 15   

 

Lifetime model analysis will be performed using competing-risk adjusted Fine and Gray models with left 

truncation and right censoring (i.e. using age as the time-scale).16 17 Proportional hazards assumption will be 

visually checked using Schoenfelds residuals, and an interaction with the time-axis (i.e. age) will be added 

when appropriate. Using patient age, instead of follow-up duration as the time-axis, means that patients are 

enrolled between age of study entry and age of study exit. This results in overlapping observations, allowing 

for lifetime predictions to be made across the entire range of baseline ages.  

 

The age-specific baseline 1-year survival free CVD and 1-year survival free of non-cardiovascular mortality 

will be calculated for each available age based on cause-specific cumulative incidence. To obtain cumulative 

survival for each individual, the estimated survival at the beginning of each life-year will be multiplies by the 

survival probability (1 minus cardiovascular risk minus non-cardiovascular mortality risk) of that year. 

Estimated CVD-free life-expectancy will be defined as median estimated survival, defined as the age where 

the predicted individual survival curve is 50% (median).  

 



Given the implication on Aim 2, we will repeat the development process for individuals who were not taking 

key medications for preventing CVD (e.g., statin and aspirin) at baseline and evaluate the extent of differences 

in estimated CVD-free life-expectancy in the primary and this secondary approach. 

 

A description of this technique written by our group can be found elsewhere.16 A video explanation can also 

be found: https://www.youtube.com/watch?v=eVHaxVam3CA 

  

Model accuracy and performance in Aim 1: Predictive performance will be assessed by determining 

discrimination using the concordance-statistic and calibration by plotting predicted versus observed survival 

in a calibration plot. Cohorts not used for development will be used for external validation (i.e., EPIC-NL & 

ARIC). As noted above, to minimize the impact of differences in baseline calendar year between MESA and 

ARIC, we will use data from visit 4 for ARIC. Incidence rates of CVD and mortality may differ between 

different geographical regions, requiring recalibration by accounting region-specific baseline survival and 

predictor distribution or by the addition of coefficients for geographical region. Overfitting will be calculated; 

however, applying a shrinkage factor may not be necessary as the predictors are pre-specified and thus 

testimation bias is avoided.  

 

The model development will be based on cohort data in which a proportion of patients are already using statin 

medication at baseline. However, we will conduct a sensitivity analysis to compare the model based on the 

entire population described in the section “Participant Inclusion,” to a model which excludes all patients using 

statin therapy at enrollment (or V4 for ARIC). The accuracy and performance of these two models will be 

compared in order to assess how inclusion of patients on statin medications at baseline effects the estimates.  

 

Method for developing an interactive application that can indicate the effects of preventive therapy as the gain 

in life-expectancy (i.e. months or years)  for aim 2. We aim to develop an application to estimate the gain in 

life-expectancy (i.e. months or years) by an additional medication (i.e. new prescription or alteration of dose), 

or the negative consequences of less medication (i.e. cessation of dose-lowering) for a patient in real-time. 

The algorithm which we use for this aim uses a combination of the (1) developed and validated model from 

aim 1 and (2) the effect of preventative medication (RR’s) established from meta-analyses of existing clinical 

trials. The beneficial effect thus proceeds via risk-factor level modification (e.g. lipid-lowering). We will 

provide an example using statins below:   

 

The relative risk associated with a 1 mmol/L decrease in LDL is 0.78.18 The LDL-reduction associated with a 

specific statin has also been described.19 The on-treatment CVD-survival function will be modified by the 

addition of the (logarithm of) 0.80^(the specific LDL-c change) to the linear predictor. The gain of life from 

novel therapy is the difference between the age at which the predicted individual survival curve is 50%, i.e. 

the difference in median survival time, expressed as months gain/loss  



 

f.      Limitations:  

1. As our life-time models will predict beyond the actual follow-up duration for each individual, life-

time validation is not possible. However, the life-time prediction model developed by our group 

using 10 years follow-up of the Woman’s Health Study was validated against 17 years of follow-

up data. Survival probabilities were well-calibrated, as the observed and predicted survival 

corresponded well.16    

 

2.    It is an inherent limitation of the life-time model proposed that the linear predictor of the model 

and the coefficients remain the same over time. However, there are a number of factors which 

should lessen concerns about this limitation. Firstly, the prediction model will be developed in a 

dataset with a considerable median follow-up time of 8.6 years (i.e. MESA). This means that 

some degree of intra-individual change of risk factor levels (i.e. the mean change) is already 

reflected by the magnitude of the models’ coefficients. Secondly, as aforementioned, our past 

work has shown predicted and observed estimations to be well calibrated beyond range in which 

the model was derived (i.e., the model was derived based on 10 years follow-up data and was 

validated using 17-years follow-up data in the Woman’s Health study) We currently have two 

other life-time prediction models (either in the journal submission or manuscript stage) in which 

similar validation results were seen; model derivation was performed with a shorter average 

follow-up time than model validation, and the predicted versus observed probabilities remained 

well-calibrated.    
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