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4. Rationale:  
 
Increased arterial stiffness is an independent predictor of cardiovascular disease (CVD) [1]. Although 
several measures of arterial stiffness have been established, carotid-femoral pulse-wave velocity (cfPWV) 
is the most widely used in clinical and epidemiological studies given its strong association with 
cardiovascular events and mortality [2]. In contrast, upper extremity (arms) and lower-extremity (legs) 
peripheral measures of arterial stiffness are used infrequently because of their limited or inconsistent 
prognostic value [3]. However, assessments of the central to peripheral arterial stiffness gradient have 
emerged as promising screening tools, with recent studies demonstrating their ability to provide prognostic 
information beyond regional arterial segment stiffness measures alone [4,5]. 
 
To date, the few studies that have investigated the utility of the arterial stiffness gradient measures have 
focused on the upper extremity derived aortic to brachial SG (ab-SG), defined as the ratio of carotid-radial 
PWV (crPWV) and cfPWV. An increased ab-SG has been found to be a better a predictor of all-cause 
mortality than cfPWV in dialysis patients [4], but conferred no unique or additive value in community-
dwelling older adults [6]. However, the gradient between the aorta and the lower extremities may provide 
a more comprehensive picture of hemodynamic integration and be a more sensitive marker of arterial health 
and CVD risk. Indeed, compared to the upper extremities, the lower extremities make up a significant 
portion of the arterial tree, are more prone to athero- and arterio-sclerotic processes, and are major sites of 
wave reflections [7]. As far as we are aware, our group has published the only study to explore the utility 
of the lower-extremity derived aortic to femoral SG (af-SG), defined as the ratio of femoral-ankle PWV 
(faPWV) and cfPWV. In the Atherosclerosis Risk in Communities (ARIC) study, we reported a comparable 
association of af-SG with traditional CVD risk factors when compared to cfPWV[5]. However, we found 
a unique association with CVD status. Indeed, whilst a high cfPWV was only associated with diabetes, a 
low af-SG was associated with coronary heart disease, heart failure, stroke and diabetes[5]. However, to 
confirm its clinical utility the ability of the af-SG to predict incident CVD events and mortality must be 
identified.  
 
Finally, in order to be of utility, clinical assessments must demonstrate reliability (precision). Indeed, 
quantifying PWV measurement variation is critical for applications to risk assessment and stratification, 
and eventual translation to clinical practice. We recently reported that the novel af-SG exhibits good (intra-
class correlation coefficient = 0.77) reliability in young healthy adults[8]. But both age and CVD are known 
to deleteriously impact the precision of PWV measures [9]. The reliability of the af-SG in older adults is 
not known.   
 
Summary: The ARIC Study cohort is a community-based study, with measures of PWV on over 6,000 
older adults. Using data from ARIC Visit 5 and longitudinal data of CVD events and mortality, we plan to 
address the following questions, which will allow us to generate hypotheses regarding the prognostic 
implications of a pathological aortic to femoral arterial stiffness gradient (af-SG). 
 
 
5. Main Hypothesis/Study Questions: 
 

i. A. Does the af-SG predict incident cardiovascular disease or mortality? 
B. Does the af-SG predict incident cardiovascular disease or mortality beyond that of 
cfPWV? 

 
ii. What is the short-term repeatability of the af-SG in older adults? 

 
 



J:\ARIC\Operations\Committees\Publications 
 

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: Longitudinal of data from ARIC visit 5, and longitudinal data of incident CVD events and 
mortality from Visit 5 assessed through to December 2019. 
 
Inclusions: All white and black ARIC participants with PWV data obtained at visit 5. For repeatability 
analysis the subgroup (n=79) of visit 5 participants whom agreed to return for a repeat visit 4-8 weeks are 
the initial visit. 
 
Exclusions: Missing information on PWV, blood pressure, and antihypertensive medication use or other 
covariates of interest; not white or African-American; and exclusions recommended by the ARIC 
ABI/PWV Working group: participants with BMI>=40, participants with major arrhythmias (based on ECG 
data), reported use of antiarrhythmic or vasoactive medications per the ARIC medication survey use (MSR 
Item 33.g) and/or specific medication codes in the ARIC database. To examine incident outcomes, we will 
exclude those with prevalent coronary heart disease, heart failure, or stroke as well as an ankle-brachial 
index <0.9. 
 
Exposures: Carotid-femoral PWV (cfPWV), femoral-ankle PWV (faPWV), heart-femoral PWV (hfPWV) 
and blood pressure (MAP) indices determined using the Omron VP-1000 plus system (Omron Healthcare, 
Kyoto, Japan) A minimum of two measurements was taken per participant and the last two usable 
measurements (i.e. non-zero values) were averaged. The af-SG is calculated as faPWV / cfPWV. 
 
Outcomes: The primary outcome of interest will be a composite cardiovascular disease that comprised 
coronary heart disease, heart failure, and stroke. Secondary outcomes will include coronary heart disease, 
heart failure, stroke, all examined separately. We will also investigate all-cause mortality since 
cardiovascular disease is a leading cause of death in the United States. All cardiovascular outcomes (except 
coronary revascularization) will be adjudicated by physician reviewers [10]. Coronary heart disease will be 
defined as definite or probable myocardial infarction, coronary heart disease death, or coronary 
revascularization procedure. Heart failure will be adjudicated as definite or probable acute decompensated 
heart failure based on hospitalization record review [11]. Stroke will be defined as definite or probable 
cases of ischemic or hemorrhagic strokes based on stroke hospitalization and death records. All-cause 
mortality will be defined as death due to any cause and will be ascertained through annual cohort follow-
up, hospital surveillance, and linkage to the National Death Index [10]. All outcomes were assessed through 
December 31, 2019. 
 
Covariate Measurements: 
Demographic variables: age, sex, race, field center, education level, body mass index, history of 
hypertension (prevalent hypertension and/or blood pressure medication use), history of diabetes, history of 
smoking, history of alcohol consumption, fasting glucose, triglycerides, total cholesterol, HDL-cholesterol, 
LDL-cholesterol, measures of kidney disease (serum creatinine, crystatin C, urine albumin-creatinine ratio).  
 
Hemodynamic variables: resting heart rate, systolic blood pressure, diastolic blood pressure, pulse pressure, 
mean arterial pressure, central augmentation index, carotid-augmentation index, ankle-brachial index. 
 
Statistical Analysis for predictive value of cfPWV and af-SG. 
We will present participant characteristics as means and standard deviations, as medians and inter-quartile 
ranges (IQR), or as frequencies and percent, where appropriate. If lack of normality is not a concern and 
transformation is not required then conventional statistics will be used. If normality is a concern we will 
use non-parametric methods.  
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 The relationship between arterial stiffness measures and the cumulative incidence of the outcomes 
will be visually assessed using Kaplan-Meier curves. Log-rank tests will be used to compare the survival 
distributions. Cox proportional hazards models will be used to estimate the associations of cfPWV and 
derived af-SG measures with cardiovascular events and all-cause mortality after adjusting for confounders 
based upon their known associations with arterial stiffness, CVD, and mortality. To allow for potential non-
linear associations, PWV and derived af-SG measures will be categorized into quartiles. The second lowest 
quartile (Q2) will serve as the refence category in all analyses.  
 Sensitivity analyses. For models examining cardiovascular events as the outcome we will conduct a 
competing risk analysis using sub distribution hazard models that consider death from non-cardiovascular 
causes as a competing event. Sub-group analysis will be used to examine whether associations with 
cardiovascular events are modified by sex or race.    
 
Statistical Analysis for Repeatability of af-SG: The analysis will include participants (n=79; mean age 
75.7 years) from a repeatability study nested within the ARIC study visit 5 (2011-2013) who underwent 
two standardized visits, four to eight weeks apart. Trained technicians obtained two PWV measurements at 
each visit using the VP-1000 Plus system. For af-SG, we will calculate intra-class correlation coefficient 
(ICC), standard error of measurement (SEM) and the minimal detectable change (MDC) with 95% 
confidence. The ICC will be calculated according to the formula: SDb2/ (SDb2+SDw2), where SDb2 and 
SDw2 are the between and within-subject variance. In general, ICC values above 0.75 are considered to 
indicate excellent reproducibility. The SEM will be calculated according to the formula: SD* √(1-ICC). 
The MDC will be calculated according to the formula: 1.96*SEM*√2. The MDC is defined as the critical 
difference in a parameter that must be exceeded between two sequential results for a statistically significant 
change to occur in an individual. 
 
Limitations: Some PWV measurements were not collected due to technical errors, participant factors and 
scheduling conflicts. Despite adjusting for heart rate, some residual confounding cannot be excluded.  
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