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Abstract

Background and aims: The ankle-brachial index (ABI) is a diagnostic test for screening 

for and/or detecting peripheral artery disease (PAD), as well as a risk enhancer in the 

AHA/ACC guidelines on the primary prevention of atherosclerotic cardiovascular disease 

(ASCVD). However, our understanding of the association between ABI and cardiovascular risk 

in contemporary older populations is limited. Additionally, the prognostic value of ABI among 

individuals with prior ASCVD is not well understood.
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Methods: Among 5,003 older adults at ARIC visit 5 (2011-2013) (4,160 without prior ASCVD 

[median age 74 years, 38% male], and 843 with ASCVD [median age 76 years, 65% male]), we 

quantified the association between ABI and the risk of heart failure (HF), and composite coronary 

heart disease and stroke (CHD/stroke) using multivariable Cox regression models.

Results: Over a median follow-up of 5.5 years, we observed 400 CHD/stroke events and 338 

HF cases (242 and 199 cases in those without prior ASCVD, respectively). In participants without 

a history of ASCVD, a low ABI ≤0.9 (relative to ABI 1.11-1.20) was associated with both 

CHD/stroke and HF (adjusted hazard ratios 2.40 [95% CI: 1.55-3.71] and 2.23 [1.40-3.56], 

respectively). In those with prior ASCVD, low ABI was not significantly associated with CHD/

stroke, but was with HF (7.12 [2.47-20.50]). The ABI categories of 0.9-1.2 and >1.3 were also 

independently associated with increased HF risk. Beyond traditional risk factors, ABI significantly 

improved the risk discrimination of CHD/stroke in those without ASCVD and HF, regardless of 

baseline ASCVD.

Conclusions: Low ABI was associated with CHD/stroke in those without prior ASCVD and 

higher risk of HF regardless of baseline ASCVD status. These results support ABI as a risk 

enhancer for guiding primary cardiovascular prevention and suggest its potential value in HF risk 

assessment for older adults.

Graphical Abstract
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1. Introduction

The ankle-brachial index (ABI), the ratio of systolic blood pressure in the ankle to that of 

the arm, is a simple procedure for detecting peripheral artery disease (PAD).1 In addition 

to its value in identifying PAD, a low ABI has also been repeatedly shown as a strong, 

independent predictor of atherosclerotic cardiovascular disease (ASCVD) and mortality.2–4 

Accordingly, the American Heart Association/American College of Cardiology (AHA/ACC) 

clinical guidelines list ABI ≤0.9 as a risk enhancer to refine predicted ASCVD risk and 

guide primary prevention among individuals without a history of ASCVD.5, 6

However, there are limitations in our understanding of the prognostic value of ABI 

for cardiovascular disease (CVD) in older adults. Although stroke and CHD have been 

extensively investigated in this context,7–9 the association of ABI values with heart failure 

Wang et al. Page 2

Atherosclerosis. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(HF) in older adults, one of the most common adverse CVD outcomes in this population, is 

understudied.10 Also, to our knowledge, no studies have evaluated whether ABI can predict 

CVD outcomes in older adults with prior ASCVD,6, 10, 11 despite the high prevalence 

of older adults with a history of this condition. These are crucial knowledge gaps since 

the importance of risk classification for HF outcomes and for patients with prior ASCVD 

is sharply increasing6 due to the availability of effective new therapies such as SGLT2 

inhibitors and PCSK9 inhibitors.

Thus, in this study, we evaluated the association between ABI and risk of CVD outcomes, 

including HF, in a contemporary cohort of community-dwelling older adults, both with and 

without prevalent ASCVD. We also assessed whether ABI could improve risk prediction of 

CVD outcomes beyond traditional ASCVD predictors.

2. Patients and methods

2.1 Study population and design

The Atherosclerosis Risk in Communities (ARIC) Study is a community-based cohort 

of 15,792 participants aged 45 to 64 years at visit 1 during 1987-1989.12 Participants 

were recruited from four communities in the United States (Forsyth County, North 

Carolina; Jackson, Mississippi; suburban Minneapolis, Minnesota; and Washington County, 

Maryland). Our analysis used data from ARIC visit 5 (2011-2013), since this was the first 

visit that measured ABI in both legs and was the first visit after 2000.

Among the 6,538 participants at visit 5, we excluded participants with race other than Black 

or White (n=18), missing ASCVD history (n=107), missing ABI (n=801), and missing 

baseline covariates (n=609), yielding a final study population of 5,003 participants. This 

study was approved by the Institutional Review Board of all centers involved in the study, 

including the field centers, coordinating center, and central laboratories. Informed consent 

was obtained from all participants.

2.2 Collection of baseline information

Demographic and behavioral information was collected by a trained interviewer. Age, sex, 

race, education, income, and smoking status were self-reported. Participants were asked to 

bring their medications to the study visit, which were coded by trained study personnel. 

Education and family income were collected at visit 1. All other variables were collected at 

visit 5.

Brachial artery blood pressure was measured three times in sitting position after a 5-minute 

rest period by certified technicians using an automatic sphygmomanometer (OMRON 

HEM-907 XL), and the average of the last two readings was recorded. Blood sample 

collection was performed during the study visit using a standardized protocol.13 Total 

cholesterol and high-density lipoprotein cholesterol (HDL-C) were determined according 

to standards set by the National Cholesterol Education Program.14 Diabetes mellitus was 

defined as a fasting glucose ≥7.0 mmol/L, non-fasting glucose ≥11.1 mmol/L, self-reported 

diagnosis of diabetes by a physician, or use of antidiabetic medications. Body mass index 

(BMI) was calculated as weight divided by height squared.
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2.3 Definition of baseline ASCVD status

In accordance to the AHA/ACC 2018 cholesterol management guidelines, prevalent 

ASCVD at baseline included coronary heart disease (CHD) (myocardial infarction or 

coronary revascularization), stroke, and symptomatic peripheral artery disease (PAD).6 

History of ASCVD was based on self-report at ARIC visit 1 (1987-1989) and any 

relevant events between visits 1 and 5 (2011-2013) were identified through active 

surveillance.12 CHD and stroke events were adjudicated by the ARIC Morbidity and 

Mortality Classification Committee, as detailed below. PAD was based on hospitalization 

records and International Classification of Diseases (ICD)-9 codes according to prior 

literature.15

2.4 Ankle-brachial index measurement

Using an automatic oscillometric device (OMRON VP-1000 plus (Kyoto, Japan)), and at 

five minute intervals, resting systolic blood pressures were measured with the participant 

in the supine position, twice for each arm and ankle. For each side, ABI was calculated 

as the ratio of ankle systolic blood pressure to brachial systolic blood pressure, using the 

higher measurement of the respective right or left brachial systolic blood pressure as the 

denominator. The average of the two ABI measurements for each leg was recorded. The 

lower ABI of the right and left measures was generally used in this analysis; however, if the 

higher ABI measure was greater than 1.3 and the lower ABI was normal (1.0-1.3), we used 

the higher ABI value (>1.3) in our analysis to avoid eliminating potential information on 

arterial non-compressibility.16

2.5 Cardiovascular outcomes during follow-up

Primary outcomes of interest were CHD, stroke, and acute decompensated HF that occurred 

from baseline (visit 5, 2011-2013) to December 31, 2017, which were identified based on 

annual participant telephone follow-up, hospitalization records, and death certificate data 

adjudicated by a physician panel. CHD was defined as 1) definite coronary death and 2) 

definite or probable myocardial infarction.17 Stroke was defined as definite and probable 

stroke.18 Given that CHD and stroke are atherosclerotic subtypes, we primarily analyzed 

them together (CHD/stroke) but also examined them individually in secondary analyses. 

We defined HF as cases classified as definite or probable acute decompensated HF.19 In 

secondary analyses, we defined HF with reduced ejection fraction (HFrEF) and HF with 

preserved ejection fraction (HFpEF) as ejection fraction <50% and ≥50%, respectively.

2.6 Statistical analysis

We stratified the participants into those with and without a history of ASCVD for all 

analyses. Baseline characteristics of each group were assessed by ABI category (≤0.90, 

0.91-1.00, 1.01-1.10, 1.11-1.20, 1.21-1.30, or >1.30). The association between continuous 

ABI and incidence rates of CHD/stroke and HF outcomes after adjustment for age, sex, 

and race were evaluated using Poisson regression models with 5-knot restricted cubic 

splines (knots at the 5th, 27.5th , 50th, 72.5th, and 95th percentile20). We used multivariable 

Cox proportional hazards models to quantify the association between ABI categories and 

subsequent risk of CHD/stroke and HF, after adjusting for traditional CVD risk factors.21 
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The ABI category with the lowest risk was selected as a reference. In secondary analyses, 

we evaluated the associations between ABI with each CHD, stroke, HFpEF, and HFrEF 

separately.

To determine whether the association between ABI and both CHD/stroke and HF were 

consistent across demographic and clinical subgroups, we conducted stratified analyses and 

tested for interaction by age (<75 and ≥75), sex, race, HF history (for CHD/stroke), diabetes, 

hypertension, and current smoking status. For these subgroup analyses, we modeled ABI by 

every 0.1-unit decrement after excluding participants with ABI >1.30, since we observed a 

J-shaped association between ABI and CVD as presented below.

Harrell’s C-statistic and the categorical net reclassification index (NRI) were used to 

determine whether ABI improved risk discrimination of each of the outcomes beyond 

traditional predictors. For the categorical NRIs, in those without ASCVD history, we used 

risk cutoffs of 2.5%, 3.75%, and 10% (half of the 10-year risk cutoffs in the AHA/ACC 

cholesterol clinical guidelines22 since the median follow-up of this study was ~5 years) 

for CHD/stroke, and halved the risk cutoffs respectively for individual CHD and stroke 

outcomes, accordingly. Based on the similar total number of events between CHD/stroke 

and HF, we applied the same cutoffs for CHD/stroke on HF. In those with a history of 

ASCVD, we tripled the risk cutoffs used in those without history of ASCVD, according to 

the ~3-times higher incidence rate of CVD outcomes in this population from our data. In 

secondary analyses, we also evaluated the added value of ABI over predicted risk based on 

the 10-year ASCVD risk calculated from the AHA/ACC Pooled Cohort Equation (PCE).23

Two-sided p-values <0.05 were considered statistically significant, and 95% confidence 

intervals were reported. All analyses were performed using Stata version 16.1 (StataCorp 

LP, College Station, Texas) and R version 3.6.1 (R Foundation for Statistical Computing, 

Vienna, Austria).

3. Results

At baseline, there were 4,160 participants without ASCVD (median age 74 years and 38% 

males) and 843 participants with ASCVD (median age 76 years, 65% males). In participants 

without a history of ASCVD, 5.8% had an ABI ≤0.9, 8.9% had an ABI 0.91-1.00, and 8.5% 

had an ABI >1.30. The corresponding estimates of participants with an ASCVD history 

were 15.4%, 11.2%, and 10.8%, respectively. Regardless of the baseline status of ASCVD, 

participants with lower ABI tended to be Black, on cholesterol medication, current smokers, 

have less education, and have lower family income (Table 1). Additionally, in those without 

a history of ASCVD, participants with lower ABI tended to be diabetic and on hypertension 

medication. Across both ASCVD groups, those with an ABI >1.30 were more likely to be 

male and White.

Over a median follow-up of 5.5 years, we observed 400 CHD/stroke and 338 HF events 

(242 CHD/stroke and 199 HF cases in those without prior ASCVD). Regardless of baseline 

ASCVD history, there was a J-shaped association between ABI and demographically­

adjusted incidence rate of CHD/stroke and HF (Figure 1). In those without ASCVD, the 
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risk gradients between low ABI <0.9 and normal ABI were ~2-fold for both CHD/stroke 

and HF (Figure 1A and B). However, in those with a history of ASCVD, the risk gradient 

was greater for HF (~5-fold as shown in Figure 1D) than for CHD/stroke (~2-fold in Figure 

1C). The lowest incidence rates of CHD/stroke and HF were observed around ABI 1.20 in 

participants without history of ASCVD and between ABI 1.21-1.30 in those with history 

of ASCVD. These associations remained largely consistent when separately analyzing CHD 

and stroke rates across ABI (Supplemental Figure 1).

After accounting for traditional CVD risk factors, in those without a history of ASCVD, 

low ABI (≤0.9) was significantly associated with a 2-fold increased risk of both CHD/stroke 

and HF, relative to ABI 1.11-1.20 (Table 2). For CHD/stroke, even the borderline low ABI 

0.91-1.00, as well as ABI 1.01-1.10, had an adjusted hazard ratio of ~1.5 for CHD/stroke 

(1.50 [95% CI 0.94-2.40] and 1.45 [1.04-2.02], respectively). However, high ABI >1.30 was 

not significantly associated with an increased risk of CHD/stroke and HF.

In those with a history of ASCVD, adjusting for traditional CVD risk factors, there were 

no evident associations between ABI and risk of CHD/stroke. However, ABI was robustly 

associated with HF. Specifically, a low ABI showed adjusted hazard ratio for HF of 7.12 

(95% CI 2.47-20.50), relative to ABI 1.21-1.30. Borderline low ABI 0.91-1.00 and even ABI 

1.01-1.20 were also significantly associated with increased risk of HF (6.55 [2.24-19.17] and 

4.81 [1.68-13.75], respectively). On the other end of the ABI spectrum, high ABI >1.30 was 

also associated with an increased adjusted hazard ratio of HF (3.12 [1.00-9.73]).

When we assessed CHD and stroke separately, the results remained wholly consistent with 

the aforementioned findings, but low ABI appeared to be more strongly associated with 

incident CHD than stroke in those without history of ASCVD (Supplemental Table 1). 

After categorizing HF into HFpEF and HFrEF, and despite limited statistical power, results 

were also similar across HF type (Supplemental Table 2). The results were also generally 

consistent when using a broader reference category of ABI 1.01-1.30 and breaking down the 

≤0.9 by 0.1 increments (Supplemental Table 3). Sensitivity analyses adjusting additionally 

for 3-level smoking status (current, former, never) and additional types of medications (i.e., 

lipid lowering medication and aspirin) yielded consistent results (Supplemental Table 4).

The associations between ABI with CHD/stroke and HF were mostly consistent within 

subgroups, including sex and smoking. For CHD/stroke outcomes, the only significant 

interactions were found in subgroups without a history of ASCVD, where the association 

between ABI and CHD/stroke was stronger in those who were Black, had diabetes, and 

had hypertension compared to their counterparts (Figure 2). When examining subgroup 

associations for HF, the only significant interaction was found by age in those without 

ASCVD history, where the association between ABI and HF was stronger in age <75 than 

in age ≥75 (Figure 3). No significant subgroup interactions were identified in those with 

history of ASCVD.

In our study population, the C-statistics of base models with traditional CVD predictors 

ranged from 0.61-0.70 for CHD/stroke and HF (Table 3). Adding ABI to these models 

significantly improved the C-statistics for both CHD/stroke and HF in those without 
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ASCVD. A significantly positive NRI was also seen for CHD/stroke. Overall, the prediction 

improvement was most evident for CHD in this population. For those with ASCVD, ABI 

significantly improved the C-statistic for prediction of HF but not CHD/stroke. However, 

NRIs were significantly positive for both CHD/stroke and HF in this population. Largely 

consistent results were observed when evaluating the predictive improvement of adding ABI 

to calculated ASCVD risk in participants without history of ASCVD (Supplemental Table 

5).

4. Discussion

In this large prospective cohort study of community-dwelling older adults, we observed 

that low ABI (≤0.9), diagnostic of PAD, was independently associated with both incident 

CHD/stroke and HF in those without ASCVD. Even a borderline low ABI (0.91-1.00) and 

an ABI 1.01-1.10 conferred an ~50% increase in the risk of CHD/stroke in this population. 

Additionally, in those with a history of ASCVD, low ABI, borderline low ABI (0.91-1.00), 

and an ABI 1.01-1.10 (vs. 1.21-1.30) were robustly and independently associated with a 

higher risk of HF but not necessarily recurrent ASCVD. Notably, the high ABI group also 

tended to have a greater risk of CVD, though the results were only statistically significant 

for HF outcomes in the ASCVD group. These associations were largely similar across 

demographic and clinical subgroups. The addition of ABI beyond traditional predictors 

significantly improved the risk prediction of CHD/stroke and HF in participants with and 

without ASCVD, but the improvement was most evident for CHD in those without ASCVD 

and for HF in those with ASCVD.

Our findings on the contemporary associations between ABI and incident CHD/stroke in the 

older adult population without history of ASCVD are consistent with earlier studies from 

the 1980s-1990s.7–9 Since the medical environment has changed substantially in the last few 

decades (e.g. increased statin use and prevalence of diabetes and general improvements in 

medical therapy), our contemporary study is of value in the era of modern medicine.10, 24, 25 

Additionally, in this population, we identified an elevated risk of CHD/stroke in those 

with borderline low ABI (0.91-1.00) and even ABI 1.01-1.10. In the context of primary 

prevention, these results support the value of low ABI as a cardiovascular risk enhancer, as 

recommended in the 2018 AHA/ACC Guideline on the Management of Blood Cholesterol.6 

Our results also highlight the prognostic value of borderline ranges of ABI.

Additionally, this study identified a robust association between PAD and HF in community­

dwelling older adults, regardless of ASCVD history. This observation is consistent with 

a few prior studies showing the association between PAD and the subsequent risk of 

incident HF.8, 26 Several theories on the physiological link between PAD and HF can be 

considered. For example, there is evidence that PAD represents complex pathophysiology 

of both micro- and macro-vascular diseases,27–29 which may indicate similar processes in 

the myocardium thereby predisposing the development of subsequent HF.30, 31 Indeed, the 

involvement of microvascular disease has been shown to play an important role in cardiac 

diastolic dysfunction.31 Likewise, low ABI is a marker of systemic atherosclerosis which 

can contribute to the development of heart failure.32 Additionally, PAD has been associated 

with reduced left ventricular ejection fraction.33 Since the value of classifying HF risk is 
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sharply increasing due to SGLT2 inhibitors, ABI can inform the risk classification of HF in 

older adults.

The elevated risk of cardiovascular outcomes according to high ABI has been reported 

in several previous studies, presenting a J-shaped association between ABI and adverse 

outcomes.34, 35 There are a few plausible mechanisms behind this observation. High ABI 

often results from uncompressible ankle arteries due to medial calcification and thus 

can represent systemic arterial stiffness and vascular aging.32 Also, a high prevalence of 

significant lower extremity obstructive disease has been reported in individuals with a high 

ABI.36 In our contemporary cohort of older adults, a high ABI was significantly associated 

with an increased risk of HF only in those with history of ASCVD. This may reflect the 

importance of vascular-ventricular coupling for the development of HF in this high-risk 

population. Although a high ABI is not recognized as a risk enhancer in current AHA/ACC 

clinical guidelines, our results suggest high ABI as a potential indicator of HF risk in the 

ASCVD population.

There are several limitations of our study. First, for calculating ABI, we measured systolic 

blood pressures using an oscillometric device, which has been reported to result in potential 

misclassification compared to the currently recommended Doppler probe approach.37 This 

seems likely to overall weaken the observed association in our study. On the other hand, the 

use of an oscillometry-derived ABI has been previously validated and potentially has more 

clinical and research scalability due to its ease of use.37 Second, there was a relatively small 

number of participants with a history of ASCVD. As such, some of the effect estimates had 

wide confidence intervals and were conservative in terms of statistical significance. Third, 

since this study was conducted in a bi-racial cohort, generalizability of these results to other 

racial or ethnic groups is limited. Fourth, despite efforts to adjust for important covariates, 

there may be residual confounding, and we cannot be certain about the direction of bias. 

Also, participants who were sicker or had worse PAD and higher risk of CVD were less 

likely to attend the relevant study visit, which would lead to an underestimation of the true 

association of ABI with CVD risk.

On the other hand, there are also several strengths of this study, including 1) a large overall 

sample size which can increase precision, 2) contemporary multi-racial cohort that is more 

generalizable to current clinical settings compared to prior studies from the 1980-1990s 

where the clinical patterns were quite different, 3) standardized data collection and outcomes 

adjudication which reduce imprecision/random error of our study variables, and 4) active 

surveillance for outcome ascertainment, reducing the potential for selection bias from loss to 

follow-up.

In conclusion, in a contemporary cohort of community-based older adults, lower ABI was 

consistently and robustly associated with an increased risk of CHD/stroke in those without 

prevalent ASCVD and with HF regardless of ASCVD history. These findings support the 

use of low ABI as a risk enhancer in helping guide primary prevention for CHD/stroke and 

suggest that ABI may be a strong, non-invasive predictor for assessing HF risk in older 

adults.
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Highlights

• Ankle-brachial index (ABI), the ratio of systolic blood pressure in the ankle 

to that of the arm, is a diagnostic indicator of peripheral artery disease and a 

risk enhancer in the ACC/AHA clinical guidelines on the primary prevention 

of atherosclerotic cardiovascular disease.

• In older adults, lower ABI is robustly associated with an increased risk of 

CHD/stroke in those without ASCVD and with heart failure regardless of 

ASCVD history.

• These findings support the use of low ABI as a risk enhancer in helping guide 

primary prevention for CHD/stroke.

• With the increasing relevance of HF risk classification in the context of 

SGLT2 inhibitors, ABI may be a strong, non-invasive predictor for assessing 

HF risk in older adults, particularly in those with history of ASCVD.
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Figure 1. 
Adjusteda incidence rates of CHD/stroke and heart failure by ABI for participants with and 

without history of ASCVD.
aAdjusted by age, sex, race.

ABI = ankle-brachial index, ASCVD = atherosclerotic cardiovascular disease, CHD = 

coronary heart disease
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Figure 2. 
Subgroup analyses: adjusteda hazards ratios of CHD/stroke for each 0.1 increase of ABI in 

participants with ABI ≤1.3 (A) without ASCVD history and (B) with history of ASCVD.
aAdjusted for age, race, sex, smoking status, systolic blood pressure, hypertension 

medication usage, total cholesterol, HDL-C, and diabetes.
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Figure 3. 
Subgroup analyses: adjusteda hazards ratios of HF for each 0.1 increase of ABI in 

participants with ABI ≤1.3 (A) without ASCVD history and (B) with history of ASCVD.
aAdjusted for age, race, sex, smoking status, systolic blood pressure, hypertension 

medication usage, total cholesterol, HDL-C, and diabetes.
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Table 1.

Study participant characteristics according to baseline ABI category

Overall
ABI Category

≤ 0.90 0.91-1.00 1.01-1.10 1.11-1.20 1.21-1.30 >1.30

No ASCVD history

 N 4160 242 371 1088 1580 524 355

 Age, years [IQI] 74 [71, 78] 77 [72, 82] 74 [71, 79] 74 [71, 78] 74 [71, 78] 74 [71, 78] 74 [71, 79]

 Male (%) 1576 (37.9) 90 (37.2) 86 (23.2) 267 (24.5) 589 (37.3) 295 (56.3) 249 (70.1)

 White (%) 3178 (76.4) 123 (50.8) 237 (63.9) 761 (69.9) 1269 (80.3) 472 (90.1) 316 (89.0)

 Systolic blood pressure, mmHg (SD) 130 (17) 134 (20) 129 (18) 130 (18) 130 (17) 130 (17) 127 (16)

 Diastolic blood pressure, mmHg (SD) 67 (10) 65 (11) 66 (10) 68 (11) 67 (10) 66 (10) 65 (10)

 Hypertension medication (%) 2920 (70.2) 209 (86.4) 282 (76.0) 808 (74.3) 1050 (66.5) 349 (66.6) 222 (62.5)

 Diabetes (%) 1195 (28.7) 99 (40.9) 120 (32.3) 321 (29.5) 419 (26.5) 142 (27.1) 94 (26.5)

 BMI, kg/m2 (SD) 28.5 (5.4) 28.9 (5.9) 29.5 (6.6) 28.9 (5.7) 28.0 (5.0) 27.8 (4.7) 28.6 (4.9)

 Total cholesterol, mmol/L (SD) 4.8 (1.1) 4.8 (1.1) 4.9 (1.1) 4.9 (1.0) 4.9 (1.1) 4.7 (1.0) 4.6 (1.0)

 HDL-C, mmol/L (SD) 1.4 (0.4) 1.3 (0.3) 1.4 (0.4) 1.4 (0.4) 1.4 (0.4) 1.4 (0.3) 1.3 (0.3)

 Cholesterol medication (%) 2111 (50.7) 132 (54.5) 193 (52.0) 562 (51.7) 783 (49.6) 268 (51.1) 173 (48.7)

 Current smoker (%) 239 (5.7) 34 (14.0) 51 (13.7) 61 (5.6) 64 (4.1) 13 (2.5) 16 (4.5)

 Education (%)
a

  Grade school 145 (3.5) 17 (7.0) 15 (4.0) 51 (4.7) 43 (2.7) 11 (2.1) 8 (2.3)

  Some high school 356 (8.6) 39 (16.1) 50 (13.5) 106 (9.7) 124 (7.9) 22 (4.2) 15 (4.2)

  High school 1382 (33.2) 80 (33.1) 128 (34.5) 396 (36.4) 529 (33.5) 157 (30.0) 92 (26.0)

  Vocational school 352 (8.5) 20 (8.3) 31 (8.4) 85 (7.8) 132 (8.4) 55 (10.5) 29 (8.2)

  College 1305 (31.4) 63 (26.0) 100 (27.0) 292 (26.8) 544 (34.5) 174 (33.2) 132 (37.3)

  Graduate/professional school 617 (14.8) 23 (9.5) 47 (12.7) 158 (14.5) 206 (13.1) 105 (20.0) 78 (22.0)

 Family income, $ (%)
a

  <12000 292 (7.4) 37 (16.1) 46 (13.1) 91 (8.9) 94 (6.3) 14 (2.8) 10 (3.0)

  12,000-24,999 652 (16.6) 69 (30.0) 73 (20.8) 194 (19.0) 219 (14.7) 59 (11.7) 38 (11.4)

  25,000-34,999 703 (17.9) 46 (20.0) 79 (22.5) 190 (18.6) 261 (17.5) 77 (15.3) 50 (15.0)

  35,000-49,999 886 (22.6) 33 (14.3) 68 (19.4) 242 (23.7) 349 (23.4) 120 (23.8) 74 (22.2)

  ≥50,000 1396 (35.5) 45 (19.6) 85 (24.2) 304 (29.8) 567 (38.1) 234 (46.4) 161 (48.3)

History of ASCVD

 N 843 130 94 183 251 94 91

 Age, years [IQI] 76 [72, 81] 79 [73, 83] 77 [73, 81] 76 [71, 81] 77 [73, 80] 74 [71, 77] 77 [73, 81]

 Male (%) 547 (64.9) 77 (59.2) 52 (55.3) 97 (53.0) 167 (66.5) 75 (79.8) 79 (86.8)

 White (%) 689 (81.7) 86 (66.2) 76 (80.9) 140 (76.5) 218 (86.9) 86 (91.5) 83 (91.2)

 Systolic blood pressure, mmHg (SD) 130 (19) 133 (21) 129 (19) 128 (18) 130 (19) 130 (16) 125 (17)

 Diastolic blood pressure, mmHg (SD) 63 (11) 62 (12) 62 (11) 64 (12) 65 (11) 66 (12) 61 (10)

 Hypertension medication (%) 789 (93.6) 127 (97.7) 82 (87.2) 174 (95.1) 238 (94.8) 82 (87.2) 86 (94.5)

 Diabetes (%) 349 (41.4) 62 (47.7) 33 (35.1) 68 (37.2) 104 (41.4) 38 (40.4) 44 (48.4)
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Overall
ABI Category

≤ 0.90 0.91-1.00 1.01-1.10 1.11-1.20 1.21-1.30 >1.30

 BMI, kg/m2 (SD) 28 (5) 28 (5) 29 (6) 29 (5) 28 (5) 29 (5) 29 (6)

 Total cholesterol, mmol/L (SD) 4.1 (1.0) 4.4 (1.1) 4.2 (1.1) 4.2 (1.0) 4.1 (0.9) 4.0 (0.8) 3.7 (0.9)

 HDL-C, mmol/L (SD) 1.2 (0.3) 1.2 (0.3) 1.2 (0.3) 1.2 (0.3) 1.2 (0.4) 1.22 (0.4) 1.2 (0.3)

 Cholesterol medication (%) 681 (80.8) 97 (74.6) 70 (74.5) 146 (79.8) 210 (83.7) 76 (80.9) 82 (90.1)

 Current smoker (%) 57 (6.8) 19 (14.6) 8 (8.5) 18 (9.8) 8 (3.2) 3 (3.2) 1 (1.1)

 Education (%)
a

  Grade school 48 (5.7) 16 (12.3) 4 (4.3) 13 (7.1) 8 (3.2) 2 (2.1) 5 (5.6)

  Some high school 107 (12.7) 22 (16.9) 10 (10.8) 30 (16.4) 28 (11.2) 7 (7.4) 10 (11.1)

  High school 266 (31.6) 38 (29.2) 30 (32.3) 66 (36.1) 84 (33.5) 28 (29.8) 20 (22.2)

  Vocational school 78 (9.3) 13 (10.0) 9 (9.7) 13 (7.1) 19 (7.6) 14 (14.9) 10 (11.1)

  College 240 (28.5) 28 (21.5) 30 (32.3) 45 (24.6) 73 (29.1) 32 (34.0) 32 (35.6)

  Graduate/professional school 102 (12.1) 13 (10.0) 10 (10.8) 16 (8.7) 39 (15.5) 11 (11.7) 13 (14.4)

 Family income, $ (%)
a

  <12,000 70 (8.6) 26 (20.6) 6 (6.5) 26 (14.6) 8 (3.3) 3 (3.3) 1 (1.1)

  12,000-24,999 132 (16.2) 31 (24.6) 21 (22.8) 26 (14.6) 34 (14.2) 9 (9.8) 11 (12.6)

  25,000-34,999 160 (19.7) 24 (19.0) 18 (19.6) 37 (20.8) 44 (18.4) 22 (23.9) 15 (17.2)

  35,000-4,9999 193 (23.7) 21 (16.7) 21 (22.8) 43 (24.2) 67 (28.0) 21 (22.8) 20 (23.0)

  ≥50,000 259 (31.8) 24 (19.0) 26 (28.3) 46 (25.8) 86 (36.0) 37 (40.2) 40 (46.0)

a
In those with no history of ASCVD, education and family income were missing in 3 and 231 participants, respectively. In those with history of 

ASCVD, education and family income were missing in 2 and 29 participants, respectively.

Values are median [IQI], mean (SD), or count (%) as noted.

ABI = ankle-brachial index, ASCVD = atherosclerotic cardiovascular disease, BMI = body mass index, HDL-C = high-density lipoprotein 
cholesterol, IQI = interquartile interval

Atherosclerosis. Author manuscript; available in PMC 2022 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wang et al. Page 18

Table 2.

Adjusted hazard ratios
a
 of adverse cardiovascular events by ABI

ABI category

≤ 0.90 0.91-1.00 1.01-1.10 1.11-1.20 1.21-1.30 >1.30

No ASCVD History

 CHD/stroke 2.40 (1.55-3.71) 1.50 (0.94-2.40) 1.45 (1.04-2.02) 1 (reference) 1.06 (0.67-1.68) 1.14 (0.68-1.91)

 Heart failure 2.23 (1.40-3.56) 1.48 (0.91-2.42) 1.03 (0.70-1.52) 1 (reference) 1 (0.61-1.63) 1.16 (0.67-2.00)

History of ASCVD

 CHD/stroke 1.02 (0.52-2.01) 1.67 (0.85-3.27) 1.37 (0.73-2.56) 1.06 (0.58-1.96) 1 (reference) 0.90 (0.42-1.93)

 Heart failure 7.12 (2.47-20.50) 6.55 (2.24-19.17) 4.81 (1.68-13.75) 3.01 (1.06-8.58) 1 (reference) 3.12 (1.00-9.73)

a
Adjusted for predictors in the AHA/ACC ASCVD risk score (age, race, sex, smoking status, systolic blood pressure, hypertension medication 

usage, total cholesterol, HDL-C, and diabetes).

ABI = ankle-brachial index, ASCVD = atherosclerotic cardiovascular disease, CHD = coronary heart disease

Bolded values denote statistical significance.
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Table 3.

Improvements in predictive ability after adding ABI to predictors in the AHA/ACC ASCVD risk score.

No ASCVD history Base model C statistic
a Δ C statistic adding ABI Categorical NRI

CHD/stroke 0.670 (0.636, 0.705) 0.012 (0.000, 0.024) 0.062 (0.007, 0.120)

Heart failure 0.696 (0.662, 0.729) 0.014 (0.000, 0.029) 0.036 (−0.043, 0.109)

Coronary heart disease 0.696 (0.653, 0.739) 0.029 (0.004, 0.054) 0.120 (0.019, 0.220)

Stroke 0.642 (0.589, 0.694) 0.011 (−0.007, 0.029) 0.063 (−0.022, 0.153)

History of ASCVD

CHD/stroke 0.640 (0.594, 0.686) 0.009 (−0.008, 0.026) 0.130 (0.046, 0.213)

Heart failure 0.606 (0.555, 0.657) 0.066 (0.017, 0.114) 0.294 (0.175, 0.425)

Coronary heart disease 0.650 (0.594, 0.706) 0.013 (−0.006, 0.032) 0.090 (0.017, 0.172)

Stroke 0.650 (0.577, 0.723) 0.034 (−0.013, 0.082) 0.079 (−0.107, 0.268)

a
Includes predictors in the AHA/ACC ASCVD risk score (age, race, sex, smoking status, systolic blood pressure, hypertension medication usage, 

total cholesterol, HDL-C, and diabetes).

ABI = ankle-brachial index, ASCVD = atherosclerotic cardiovascular disease, CHD = coronary heart disease, NRI = net reclassification index

Bolded values denote statistical significance.
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