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High ankle brachial index (ABI) and incompressible ankle arteries are generally believed to arise as a result of medial arterial calcification 
and may be a marker for vascular stiffness. The high ABI patient group remains poorly characterized, and the risks associated with high ABI 
remain poorly understood. We were the first to study the risks associated with high ABI (�1.4 or incompressible arteries versus ABI 0.9–1.4) 
in a high-risk and secondary prevention population. We found that the presence of high ABI was independently associated with an increased 
risk for myocardial infarction, but not with stroke, all-cause, or vascular mortality. High ABI should be considered a risk factor for myocardial 
infarction.
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Materials and Methods 

Population: 

The SMART (Second Manifestations of ARTerial disease) study is an on-going single center, prospective 
cohort study comprised of patients with CVD as well as patients at high risk for CVD. Details of the study 
have been described elsewhere.1 Starting in 1996, all patients aged 18-79 years that were newly 
referred to the University Medical Center Utrecht with either manifest vascular disease or important 
cardiovascular risk factors were asked to participate.   

Patients were excluded if they suffered from terminal malignant disease, were not independent in daily 
activities, and/or had insufficient knowledge of the Dutch language to understand the patient 
information. The medical ethics review board at the University Medical Center Utrecht approved the 
study, and all participants gave their written informed consent. 

For the present study, patients were eligible when they had ABIs within reference limits (>0.90 and 
<1.40) or high ABI (≥ 1.40), with a referral for clinically manifest vascular disease (either coronary artery 
disease (n=2998), cerebrovascular disease (n=1351) or PAD (n=214)) or who were referred for the 
treatment of cardiovascular risk factors (diagnosis of hyperlipidemia (n=1059), diabetes mellitus (type 1 
and 2, n= 564) or hypertension (n=1356)). Patients with PAD could have ABIs >0.9because the PAD 
referral group also includes patients with resting ABI within reference limits but a >20% drop in ABI after 
exercise, patients with previously abnormal ABIs that normalized after treatment, or patients with a 
diagnosis of PAD through other investigations (for example in case of referral with acute ischemia).  

Baseline measurements: 

At baseline, all SMART patients underwent a comprehensive vascular screening, consisting of physical 
examinations, laboratory measurements, imaging and a questionnaire on medical history, risk factors 
and medication use. Hypertension was defined as a SBP of ≥160 mmHg and/or a diastolic blood pressure 
≥95 mmHg (mean of 2 blood pressure measurements) or use of antihypertensive medication. A history 
of diabetes mellitus was defined as either a referral diagnosis of diabetes mellitus, self-reported 
diabetes mellitus, the use of glucose-lowering agents or a baseline fasting plasma glucose ≥7 mmol/l and 
a definitive diagnosis of diabetes during the first year of follow-up. Glomerular filtration rate (eGFR) was 
estimated using the Modification of Diet in Renal Disease (MDRD) formula.2 For the classification of 
renal function we used the eGFR cutoff values as described by the Kidney Disease Outcomes Quality 
Initiative (KDOQI) guidelines. 3 Smoking was self-reported and classified as “current”, “former” and 
“never”. Physical activity was measured with a previously validated questionnaire4 and expressed in 
metabolic equivalent (MET) hours per week, with use of the MET intensities derived from the 
‘Compendium of Physical Activity.5 

ABI measurements: 

ABI measurements were conducted by experienced professionals in the vascular lab of the UMC 
Utrecht, a tertiary referral center for vascular surgery. A Vasoguard dopplerprobe (8MHz) was used to 
measure the SBP of the bilateral posterior tibial and dorsalis pedis arteries. For each ankle, the highest 
SBP out of these two was used for the ABI calculations. An average SBP was calculated for each arm 
from at least 2 measurements of the brachial artery. The arm with the highest average was used for the 
ABI calculations. The leg-specific ABIs were thus calculated by dividing the highest average arm SBP by 
the highest of the ankle pressures of that leg. If the ABI could not be obtained due to incompressibility 
of the artery (> 250 mmHg), this was registered. 

Follow up and outcome ascertainment 



Patients were sent questionnaires biannually, to assess the occurrence of new health outcomes. 
Reported potential outcomes were checked with health records from treating physicians. All available 
data were presented to three members of the outcome adjudication committee, who independently 
classified each outcome. The three classifications were compared and if any disagreement existed, a 
principal investigator was consulted.   

Our primary outcome is a compound of major cardiovascular events, comprising myocardial infarction 
(MI), stroke, and vascular death. Secondary outcomes are stroke, MI and vascular death separately and 
all-cause mortality. Vascular death was defined as death from stroke, MI, congestive heart failure, 
rupture of abdominal aortic aneurysm and vascular death from other causes. Detailed descriptions of 
outcome definitions are described elsewhere. 6 Participants were followed up until the 1st of March 
2013, resulting in a median follow-up of 6.9 years for total mortality and 6.5 years for the compound 
outcome, with complete follow-up data for 94.5% of participants. 

Data analysis 

Patients were excluded when they had at least one leg with an ABI ≤0.90 (N= 1376). Patients were 
counted in the “high ABI” group if they had at least one leg with an ABI ≥ 1.40 or incompressible arteries 
(N=339). If both legs had ABI values within reference limits (>0.90 and <1.40) patients were placed in the 
reference group (N=7203). For 36 patients we only had a measurement for one leg available, they were 
categorized according to the ABI measurement of that leg. Patients with ABI missing for both legs (N=33) 
were excluded from the analysis. This resulted in a final sample of 7542 patients (Figure 1). 

Characteristics of study population across ABI categories were calculated as means with standard 
deviation or medians with interquartile range (in case of non-normally distributed variables) for 
continuous variables or percentages with number of cases for categorical variables. Risk factors were 
compared between patients with high and reference-range ABI using a logistic regression model with 
high ABI as outcome parameter for each risk factor, adjusted for age and sex, except for the models for 
age (unadjusted) and sex (adjusted for age). As a sensitivity analysis, the models for non-HDL and SBP 
were additionally adjusted for lipid-lowering drugs and blood pressure-lowering drugs, respectively, 
because the proportion treated differed between people with reference range and high ABI. 

To assess whether high ABI is associated with an increased risk for the described outcomes when 
compared to ABI in the reference range, Cox proportional hazards regression was used, with the ABI 
modeled as a categorical variable (high versus reference range). Crude, sex/age-adjusted and 
multivariable (sex, age, smoking status, diabetes status, non-HDL cholesterol, SBP, eGFR and prevalent 
CVD) adjusted models were constructed. As literature suggests that diabetes, high blood pressure and 
renal function are potentially in the causal pathway leading to arterial calcification or arterial stiffness 
(and thus high ABI) and CVD 7, we performed analyses with and without these confounders. As a 
sensitivity analysis, we ran the multivariable model for MI again, this time adjusting for CHD instead of 
CVD. For the compound outcome a sensitivity analysis excluding all patients with peripheral artery 
disease (n= 210) was performed. The proportional hazards assumption was checked visually by plotting 
Schoenfeld residuals; no deviation from proportionality was observed.  
 
Missing values on baseline characteristics that were used in multivariable analyses were filled in using 
multiple imputation techniques and multivariable analyses were run on m=15 imputed datasets and 
combined.8 1.2% or less was originally missing from these imputed variables. As this study used data 
from an existing cohort, no formal sample size calculation was conducted. Assuming a ratio of high 
versus non-abnormal ABI of 1:20, a known number of events for the compound endpoint of 694 and a 
type I error rate of 5%, we had 90% power to detect a HR of 1.6.  
 



To study whether the association of high ABI with CVD is similar among subgroups defined by the 
presence of diabetes and of prevalent CVD, we ran the final multivariable models for compound CVD 
and myocardial infarction in the population stratified by these characteristics. We tested for the 
presence of a significant interaction by adding interaction terms to the multivariable adjusted models 
for the full population.  

All statistical analyses were performed using R, version 3.1.0 (R Foundation for Statistical Computing, 
Vienna, Austria.). Add-on packages ‘Amelia’ (1.7.2) and ‘survival’(2.37-7) were used for multiple 
imputation and Cox proportional hazards regression, respectively. 
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