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4. Rationale:  
 
 Although age is one of the strongest risk factors of cardiovascular disease, vascular 
disease burden is very heterogeneous across older adults. Traditionally, studies have 
focused on the unhealthy end of the vascular aging spectrum, namely adverse outcomes 
such as cardiovascular death and myocardial infarction. However, the field of public 
health is shifting towards aiming to optimize cardiovascular health in addition to avoiding 
adverse events (eg. American Heart Association 2030 goals to extend health-adjusted life 
expectancies).1  
 
 Knowledge of cardiovascular health profiles linked to healthy vascular aging is 
important for understanding how to optimize cardiovascular health and extend healthy 
life expectancy in the population. Although it seems that predictors of healthy vascular 
aging will merely be the opposite of cardiovascular risk factors, this may not be the case 
when we evaluate the synergistic or longitudinal effect of risk factors.2,3 Thus, 
information on what constitutes an optimal cardiovascular health profile is currently 
incomplete. Additionally, associations between long-term exposures to risk factors and 
ideal coronary artery health need to be better understood.  
 
 Coronary artery calcium, a marker of atherosclerotic plaque burden, is a strong 
predictor of cardiovascular risk in the general population and an established marker of 
arterial age.4-7 Zero CAC, the absence of calcified plaque in the coronary arteries detected 
by non-contrast CT, is a powerful protective marker with a highly positive 10-year 
prognostic outlook, even in the 75+ age group, and a valuable parameter for assessing 
healthy vascular aging in older adults.8,9 Studies on health vascular aging defined by zero 
CAC are limited. In one study, the risk factor burden in those with persistent zero CAC 
was found to be lower than for those who develop CAC.2 However, the contribution of 
individual risk factors and their long-term (eg. >10 year) exposures to zero CAC in older 
adulthood have not been examined.  
 
 Leveraging over 30 years of data on exposure to time-varying traditional 
cardiovascular risk factors from the ARIC study, this study will assess the association 
between middle age, older age, and cumulative risk factor exposures with zero CAC at 
older age. Upon completion of this study, we will understand optimal cardiovascular risk 
factor profiles for healthy vascular aging, which may have implications on health 
promotion or clinical care of traditional cardiovascular risk factors throughout the life 
span.  
 
5. Main Hypothesis/Study Questions: 
 
Hypothesis 1.1: Mid-life risk factors will be more strongly associated with zero CAC than 
late-life factors. 
Hypothesis 1.2: By analyzing 30-year exposures, we will identify the relative importance 
of traditional cardiovascular risk factors for healthy vascular aging. 



 
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). 
 
Study Design: Cohort study from ARIC Visit 1 to 7 
 
Inclusion Criteria: 

- Black and white ARIC participants who underwent coronary artery calcium scan 
at Visit 7 

 
Exclusion Criteria: 

- Prevalent coronary heart disease at Visit 7 (by design of the ARIC CAC ancillary 
study) 
o However, those with prevalent CHD will be included in a secondary 

analysis. 
 
Exposures: 
Traditional cardiovascular risk markers: 

- Blood pressure 
- Glucose 
- Smoking 
- Cholesterol 

 
Covariates:  
From Visit 7 data, we will consider: 

- Sociodemographics: age, race, sex, education, income 
- Physical information: body mass index 
- Lifestyle: smoking status 
- Clinical Factors: obesity, use of hypertensive, diabetes, and cholesterol lowering 

medication, family history of coronary artery disease 
- Physical activity 

 
Statistical analysis plan: 
 
 We will summarize the characteristics of the study population, all participants who 
underwent CAC scanning at ARIC Visit 7, by sex.  
 
Middle-age risk factor exposure and healthy vascular aging 
 Using multivariable logistic regression to evaluate the association between middle 
age risk factors and zero CAC, we will use exposure data from ARIC Visit 1 in 1987-
1989 when participants were age 45-64 and evaluate the strength of association between 
exposure to each cardiovascular risk factor (blood pressure, glucose, smoking, 
cholesterol) with the outcome of zero CAC during ARIC Visit 7 (2018-2019).  
 



Older-age risk factor exposure and healthy vascular aging 
 Then, we will repeat the analysis to evaluate the association between risk factors at 
older age and zero CAC outcomes. We will use cardiovascular risk factors ARIC Visit 5 
from 2011-2013 when participants were aged 66-90 as the exposure with zero CAC 
during ARIC Visit 7 as the outcome.  
 
Cumulative risk factor exposure and healthy vascular aging 
 For the assessment on the association between cumulative exposures from middle to 
older age with zero CAC outcomes, we will leverage all risk factor exposure data before 
the Visit 7 CAC outcomes, ARIC Visits 1 to 6 (2016-2017), to evaluate cumulative risk 
factor burden in two ways.  
 
 First, we will evaluate total years of exposure to a high risk state, exposure-years, for 
each risk factor. Using hypertension as an example, we will assess the number of years in 
a hypertensive state defined by blood pressure >130/80 over the period of ARIC Visit 1-6 
to calculate hypertension-years for each Visit 7 participant (Figure 1). This method for 
examining cumulative exposures is able to capture total exposure to high risk conditions 
over time; however, continuous factors such as blood pressure must be treated 
categorically with the necessity of defining cut-offs for high-risk thresholds.  
 

 
Figure 1. Example of estimating total hypertension-years using a systolic blood 

pressure cutoff of 130 mmHg. 
 
 Second, we will also evaluate a weighted average of exposure to each cardiovascular 
risk factor over time. Extending the earlier blood pressure example to the second method 
of assessing cumulative exposures, we will perform a weighted average of blood pressure 
across ARIC Visit 1-6 (Figure 2). A strength of this method is that it is able to capture 
exposures in a continuous manner, unlike the first methods; however, other than through 
this averaged number, it is not able to capture the duration of total exposure to the high 
risk state. For both methods of assessing cumulative exposure, multiple imputation by 
chained equations (MICE) will be used for missing observations in the analysis (eg. if a 
participant missed a study between Visits 1-6).  



 

 
Figure 2. Example of estimating time-weighted average of systolic blood pressure. 

Weighted average = ∑ Areas(A:E)/∆T 
  
Secondary and sensitivity analyses 
 We will conduct a few secondary analyses. First, we will repeat the analysis 
including individuals with prevalent CHD at Visit 7 in the CAC>0 category, comparing 
characteristics of individuals with zero CAC to those with CAC>0 or prevalent CHD. We 
will also repeat the analysis with an expanded definition of low CAC using cutoffs of 
CAC 0-9 and CAC <25 percentile instead of the conservative zero CAC as the outcome. 
Next, we will perform these analyses using the outcome of adverse vascular aging 
defined as high CAC (CAC>30010, CAC>100010, CAC>75 percentile11). Additionally, 
we will examine the association between mid-life, late-life, and 30-year cumulative CVD 
risk factors with continuous CAC [ln(CAC+1)] using similar methods noted above and 
multivariable linear regression models instead of logistic regression models. Another 
secondary analysis will involve using inverse probability weighting to account for 
attrition during the 30-year follow-up using weights from all ARIC participants eligible 
for CAC in Visit 7 to evaluate the potential effect of selection bias (from differential 
characteristics between individuals who agreed to undergo CAC scanning and were part 
of the study versus those who refused) on our observed associations. 
 
 As a sensitivity analysis, we will exclude individuals at baseline with prevalent 
stroke, atrial fibrillation, and heart failure. Another sensitivity analyses will include 
stratifying analyses by medication usage (i.e, statins and antihypertensives for the 
analyses centered on cholesterol and blood pressure, respectively). Additional subgroup 
analyses will include stratifying by family history of coronary artery disease, sex, and 
race.  
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