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Abstract

Objectives—To describe the relationship between ankle brachial index (ABI) and the risk for
heart failure (HF).

Background—The ABI is a simple, non-invasive measure associated with atherosclerotic
cardiovascular disease and death; however, the relationship between ABI and risk of HF is less
well characterized.

Methods—Between 1987-1989 in the Atherosclerosis Risk in Communities study an
oscillometric device was used to measure blood pressure in a single upper and randomly chosen
lower extremity to determine the ABI. Incident HF events were defined by the first hospitalization
with an ICD-9 code 428.x through 2008. The risk of HF was assessed across the ABI range using
restricted cubic splines and Cox proportional hazards models.

Results—ABI was available in 13,150 participants free from prevalent HF. Over a mean 17.7
years of follow up, 1809 incident HF events occurred. After adjustment for traditional HF risk
factors, prevalent CHD, subclinical carotid atherosclerosis, and interim MI, as compared to an
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ABI of 1.01-1.40, participants with an ABI <0.90 were at increased risk for HF (HR 1.40, 95% CI
1.12-1.74), as were participants with an ABI of 0.91-1.00 (HR 1.36, 95%CI 1.17-1.59).

Conclusions—In a middle aged community cohort, an ABI < 1.00 was significantly associated
with an increased risk of HF independent of traditional HF risk factors, prevalent CHD, carotid
atherosclerosis, and interim MI. Low ABI may not only reflect overt atherosclerosis, but also
pathologic processes in the development of HF beyond epicardial atherosclerotic disease and Ml
alone. A low ABI, as a simple non-invasive measure, may be a risk marker for HF.
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stiffness

Introduction

Methods

The ankle brachial index (ABI) is a simple non-invasive tool for the diagnosis of peripheral
arterial disease (PAD) (1). The ABI also carries prognostic information related to all-cause
mortality, cardiovascular death (2—-9), and non-fatal cardiovascular events, including
coronary heart disease (CHD) and stroke (6,10-12). However, the association between ABI
and incident heart failure (HF) has been less well characterized (8,13).

In the Cardiovascular Health Study (CHS), an ABI <0.90, as compared to an ABI =0.90,
was associated with an increased risk for HF in those without prevalent CHD (relative risk
1.61, 95%CI 1.14-2.29), but not in those with prevalent CHD (8). In the Heart Outcomes
Prevention Evaluation (HOPE) trial, the incidence of HF was higher in those with clinical
evidence of PAD or ABI <0.9 (4.6%) as compared to those with normal ABI (2.6%) (13).
However, CHS evaluated an older population and HOPE recruited patients with known
cardiovascular disease or several cardiovascular risk factors. The association between ABI
and incident HF in a middle aged community population over a long follow up period has
not been evaluated. Therefore, we sought to describe HF risk across the spectrum of ABI in
the Atherosclerosis Risk in Communities (ARIC) Study.

Study population

ARIC is an ongoing, prospective observational study of the natural history of cardiovascular
risk factors and atherosclerotic diseases. Detailed study rationale, design, and procedures
have been previously published (14). The original cohort included 15,792 participants
recruited between 1987-1989 using probability sampling of middle aged (45-64 years old)
men and women from 4 communities in the United States (Forsyth County, NC; Jackson,
MS; suburban Minneapolis, MN; and Washington County, MD). The Jackson field center
enrolled an entirely African American cohort. Subsequent follow up visits occurred at 3 year
intervals up to 1998, with annual telephone interviews conducted between visits and to the
present. Institutional review boards from each site approved the study and informed consent
was obtained from all participants.
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Ankle brachial index and covariates

Outcome

ABI was measured as previously described in ARIC (15). Briefly, resting ankle and brachial
blood pressures (BP) were measured at visit 1 using an automated oscillometric device
(Dinamap 1846 SX). BPs were assessed with the cuff placed just above the ankle with the
“artery marker” aligned over the posterior tibial artery of one randomly selected leg and
over the brachial artery of the right arm (most commonly). ABI was calculated as the ratio
of lower extremity to upper extremity systolic BPs.

Established definitions for hypertension, obesity, diabetes mellitus, prevalent CHD, stroke,
and smoking status, as previously described in ARIC were utilized (16). Intermittent lower
extremity claudication was identified from participant questionnaires (17). Obesity was
defined as a body mass index = 30 kg/m2. Electrocardiographic LVH was determined by
Cornell criteria. Estimated glomerular filtration rate (eGFR), hematologic parameters, lipids,
and glucose were measured according to standardized protocols with chronic kidney disease
(CKD) defined as an eGFR < 60 ml/min/1.73m? (14,18,19). The presence of carotid
atherosclerotic plague was determined from B-mode ultrasound (20). Incident myocardial
infarction (MI) was defined as hospitalized MI. Incident CHD was defined as fatal or non-
fatal MI, “silent” MI by serial ECG, and/or coronary revascularization.

Prevalent HF at baseline was defined by stage 3 (manifest HF) according to Gothenburg
criteria or the use of medications for HF (21). The Gothenburg criterion is a validated
scoring system composed of 3 components a) cardiac, b) pulmonary, and c) therapy, in
which stage 3 (manifest HF) requires 1 point from each component (22). The primary
outcome was incident HF, defined by the first hospitalization with ICD-9 code for HF
(428.x) listed at discharge or a death certificate including HF among the listed causes (21).
The follow-up period was the time elapsed from the date of visit 1 to the date of HF
hospitalization or death, with censoring at the date of last contact for those lost to follow-up,
date of non HF death, or December 31, 2008. Deaths were ascertained through annual phone
calls to participants or their kin and ongoing surveillance of health department death
certificate files.

Statistical Methods

After sequential exclusion of those at baseline with prevalent or missing HF status (n=1039),
missing ABI (n=522), race other than African American or Caucasian and African
Americans from sites other than Jackson, MS and Forsyth County, NC (n=91), and those
missing baseline covariates (n=990), 13,150 participants were included in the final analysis.
Following AHA/ACC guidelines, ABI was categorized as <0.90, 0.91 — 1.00, 1.01 — <1.40,
and >1.40 (23). Summary statistics for covariates were calculated as counts (percentages),
and medians (interquartile ranges) for categorical and continuous data, respectively.
Comparisons were made across categories of ABI using Spearman correlation or Wilcoxon
rank sum tests, as appropriate. For each ABI category, incidence rates for HF were
calculated (number of events divided by person-time at risk) and Kaplan Meier time to event
analysis was performed. The risk of HF was assessed across the spectrum of ABI using Cox
proportional hazards models and restricted cubic splines. Covariates included in
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multivariable models were based upon the ARIC HF risk model (24) as well as carotid
atherosclerosis. Interim MI or CHD after baseline were also included as time varying
covariates. Interactions by age, sex, race, race by sex, prevalent CHD, hypertension, diabetes
mellitus, body mass index (BMI), and smoking (ever) were assessed using Cox proportional
hazards models and likelihood ratio tests. The proportion of incident cases of heart failure
attributable to an exposure (i.e. ABI < 1.00) was calculated using the “punafcc” package to
determine population attributable risk (PAR). Two-sided p values <0.05 were considered
significant, except for interactions where p <0.10 was considered significant. Analyses were
performed using Stata 11.2-13.0 (Stata Corp., College Station, Texas).

Cohort characteristics

Among the 13,150 included ARIC participants, an ABI <0.90 was present in 3.9%, while
12.6% had an ABI of 0.91-1.00, and 2.4% of had an ABI >1.40 (Table 1). Those with an
ABI <1.00 were more likely to be female and African American. There was no significant
trend in CHD prevalence across ABI categories, although the frequency of carotid
atherosclerosis increased with lower ABI. Traditional HF risk factors, including
hypertension, diabetes mellitus, CKD, and smoking were also more common among those
with an ABI <1.00. Systolic BP, pulse pressure, heart rate, as well as total and LDL
cholesterols were higher in those with the lowest ABI. There were no significant trends in
BMI, eGFR, or the prevalence of electrocardiographic LVVH across ABI categories.

Incidence Rates

Over a mean 17.7 years of follow up, 1809 incident HF events occurred and there was a
gradient in frequency according to ABI such that 23%, 18%, 13%, and 14% of participants
with an ABI <0.90, 0.91-1.00, 1.01-1.40, and >1.40 developed HF, respectively (Table 2).
As compared to an ABI of 1.01-1.40, ABIs < 0.90 or 0.91-1.00 were both significantly
associated with a higher rate of incident HF (log rank p<0.0001), while an ABI >1.40 was
not (log rank p=0.62) (Figure 1A).

Risk for Heart Failure

In unadjusted Cox proportional hazards analysis, an ABI <0.90 was significantly associated
with more than twice the risk of incident HF as compared to an ABI of 1.01-1.40 (Table 2).
Those with an ABI 0.91-1.00 were also at significantly increased risk of HF; however, an
ABI >1.40 was not associated with an increased risk of HF. In multivariate analysis,
adjusted for traditional HF risk factors,(24) including prevalent CHD, the risk of incident HF
remained significant, with a 59% and 42% increased risk of HF, in those with ABI < 0.90
and ABI 0.91-1.00, respectively (Table 2, Model 2).

Role of atherosclerosis and myocardial infarction

As a low ABI can be a marker of atherosclerosis, we also adjusted for the presence of
subclinical carotid atherosclerotic plaque and found that both an ABI <0.90 and ABI of
0.91-1.00 remained significantly associated with 40% and 36% increased risks for incident
HF, respectively, as compared with an ABI of 1.01-1.40 (Table 2, Model 2a). In addition, as
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Ml is a strong risk factor for the development of HF, we adjusted for interim Ml as a time
varying covariate and found that an ABI <0.90 remained significantly associated with an
increased risk for incident HF (HR 1.40, 95%CI 1.12-1.74), compared with an ABI of 1.01-
1.40 (Table 2, Model 3a). Similarly, an ABI of 0.91-1.00 was significantly associated with
an increased risk of incident HF (HR 1.36, 95%CI 1.17-1.59). We performed additional
sensitivity analyses to corroborate that the relationship between low ABI and incident HF
was independent of carotid plaque and overt atherosclerotic epicardial CHD. With 1)
inclusion of the presence of carotid plaque as well as interim CHD as a time varying
covariate (Table 2, Model 4a) or 2) exclusion of participants with prevalent CHD and those
that developed a M1 in follow-up (Table 2, Model 5a), ABIs <1.00 remained significantly
associated with an increased risk of HF, as compared to an ABI of 1.01-1.40.

When examined as a continuous variable in restricted cubic spline analysis, there was a
significant relationship between lower ABI and incident HF (Figure 1B). The gradient of
risk for HF, even when adjusted for conventional HF risk factors, appeared to extend above
an ABI of 1.00, when compared to a reference ABI value of 1.20. We therefore repeated
analyses with further subdivision of the ABI 1.00-1.40 category into 4 groups by increments
of 0.10. An ABI of 1.11-1.20 was most common and has been previously utilized by the
ABI Collaborative group as a reference range (6). We compared the risk of incident HF
across the spectrum of ABI against an ABI of 1.11-1.20 and again found a significant
association with incident HF only at an ABI <1.00 (Figure 1B inset).

Subgroup Analyses

The relationship between ABI and incident HF was also assessed within subgroups of
participants with or without risk factors for HF. There were significant interactions by sex,
obesity, and smoking, but not by age, race, prevalent CHD, hypertension, or diabetes
mellitus (Figure 2). Among men, the risk for incident HF was significantly elevated at an
ABI < 1.00, while for women, this risk was only significant for an ABI < 0.90. Among those
with obesity, an ABI < 0.90 was not statistically associated with an increased risk of HF,
while among non-obese participants an ABI < 0.90 was associated with an increased risk for
incident HF. Similarly, among ever smokers, an ABI < 0.90 was significantly associated
with an increased risk of HF, while this was not the case among never smokers (Figure 2).
Never smokers with an ABI <0.90 were more commonly female, obese, with less CHD, and
a trend towards less frequent diabetes mellitus. They were also younger, with slightly higher
ABI, and HDL-c, and lower LDL-c, suggesting they were a healthier population with fewer
HF risk factors as compared to ever smokers with a low ABI (data not shown).

Female gender and African-American race were more common among those with the lowest
ABI, therefore we evaluated for effect modification on the relationship between ABI and
incident HF by sex and race together (p-interaction = 0.059) (Figure 3). Regardless of race,
an ABI <1.00 in men was significantly associated with an increased risk for HF, as
compared to those with an ABI between 1.01-1.40. Similarly, in Caucasian women, an ABI
<1.00 was associated with an elevated risk for HF. However, in African American women,
an ABI <0.90 conferred an increased risk for HF, while an ABI 0.91-1.00 did not. Notably,
the HF risk factor profile in African American women with an ABI between 0.90-1.00 was
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more similar to those with an ABI of 1.00-1.40, than it was to those with an ABI < 0.90
(data not shown).

Population attributable risk

The multivariate adjusted (model 2a) PAR associated with an ABI < 1.00 was 6.0% (95% CI
3.8-8.2%), while the population risk attributable to a history of CAD was 7.8% (95% Cl
7.2-8.5%). Hypertension and diabetes mellitus accounted for an estimated 15% and 14% of
heart failure events, respectively (data not shown).

Discussion

In a community cohort of middle-aged Americans with up to 22 years of follow up, we
found that a low ABI (< 1.00) from a single randomly chosen lower extremity was
significantly associated with an increased risk for the development of HF. As compared to
an ABI of 1.01-1.40, an ABI <0.90 was associated with a 40% increased risk (HR 1.40,
95%Cl 1.12-1.74), while an ABI of 0.91-1.00 was also significantly associated with an
increased risk of HF (HR 1.36, 95%CI 1.17-1.59). The relationship between low ABI and
incident HF was independent of traditional HF risk factors, as well as prevalent CHD,
subclinical carotid atherosclerosis, and interim MI or CHD. These findings demonstrate that
among middle-aged Americans a low ABI is independently associated with an increased risk
for HF.

Few studies have evaluated the association between ABI and incident HF (8,13). Most
literature involving ABI focuses on atherosclerotic cardiovascular disease as the ABl is a
simple non-invasive tool for the diagnosis of PAD among symptomatic patients and it has
previously been suggested that an ABI < 0.90 is a marker of generalized atherosclerosis
(1,6-12,25). Therefore, it is presumed that a low ABI reflects co-existent atherosclerosis in
the epicardial coronary arteries, risk for MI, and subsequent HF. This is supported by the
HOPE trial, which enrolled participants with known cardiovascular disease or those at high
CV risk, and demonstrated that a low ABI was associated with an increased rate of HF (13).
Furthermore, small single center studies of symptomatic PAD patients referred for ABI
measurement demonstrated that approximately 1/3 of patients with an ABI <0.90 have
concomitant left ventricular dysfunction (26,27). While these patients with symptomatic
PAD likely had subclinical or unrecognized atherosclerotic CHD contributing to LV
dysfunction, the relationship between ABI and LVEF may also be independent of prevalent
CHD (27).

The Cardiovascular Health Study demonstrated that an ABI < 0.90 was independently
associated with an increased risk of HF among participants without prevalent CHD (8). It
could be argued that these people had subclinical CHD (28) and were at high risk for the
progression of CAD and subsequent HF, particularly as no adjustment was made for interim
MI. However, we found that the relationship between low ABI and HF was independent of
baseline CHD, subclinical carotid atherosclerosis, and interim Ml or CHD. Additionally,
there was no significant interaction between ABI and prevalent CHD on incident HF,
indicating that even among participants without CHD a low ABI conferred an increased risk
for the development of HF. Together, these findings suggest that a low ABI may not only
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reflect overt atherosclerosis, but also pathologic processes in the development of HF beyond
epicardial atherosclerotic disease and Ml alone.

Mechanistically, a low ABI may be a marker for abnormal vascular stiffness and
atherosclerotic microvascular dysfunction which may contribute to the pathogenesis of HF
even in the absence of clinically apparent epicardial CHD (29). In this study, pulse pressure,
which is a validated measure of vascular stiffness (30), was widest among those with low
ABI. Additionally, there was a significant interaction according to smoking status, such that
the significant association with an increased risk of HF with ABI < 1.0 was observed only in
smokers. While smoking is a risk factor for atherosclerotic disease, smoking also increases
arterial stiffness even in the absence of obstructive atherosclerotic disease (31,32). Vascular
stiffness raises afterload resulting in increased myocardial wall stress and oxygen
consumption, while a widened pulse pressure may impair coronary blood flow, all of which
may contribute to ischemia even in the absence of evident obstructive epicardial coronary
artery disease (33). Moreover, in the Multi Ethnic Study of Atherosclerosis (MESA), a low
ABI was associated with non-compliant small vessels, which in turn, has been associated
with an increased risk for adverse cardiovascular events, including HF (34,35). Low ABI
and peripheral arterial disease have also been associated with functional decline and exercise
intolerance, which may also increase the risk for the development of HF (36-39). However,
further studies are needed to clarify the pathophysiologic mechanisms relating low ABI to
HF risk.

The prognostic relationship between an ABI < 1.00 and incident HF is non-trivial as
approximately 1 of 6 participants in ARIC had a low ABI, which is comparable to other
population based studies (range 13-18%) (6,11,40). Furthermore, we found that the risk for
HF attributable to an ABI < 1.00 was approximately 6.0%, which is lower than that of
hypertension or diabetes, but similar to that of CAD (7.8%). Moreover, participants with
lower ABI were more commonly female and African American (41-43); however, the
prevalence and incidence of atherosclerotic cardiovascular disease tends to be lower in
women (44,45). The pathogenesis of HF in women and African Americans may be less
related to epicardial CAD and more attributable to endothelial and metabolic derangements
leading to microvascular dysfunction and possibly heart failure with preserved ejection
fraction (HFpEF) (44,46-49). Moreover, African Americans, despite a higher prevalence of
atherosclerotic risk factors, may have a lower prevalence of CHD and perhaps a higher
prevalence of HFpEF (50,51).

In this analysis, race and sex together modified the relationship between ABI and incident
HF, such that among African American women, only an ABI <0.90 was associated with an
elevated risk. However, this does not mitigate the risk of HF in African American women
with an ABI =0.90 as it has been previously demonstrated in ARIC that the rate of incident
HF in African American women was greater than that of Caucasian women (21). Similarly,
men were at greater risk for HF than women across all ABI categories and, regardless of
race, in men the risk of incident HF was significantly elevated with an ABI <1.00. These
findings are congruent with previous reports that African-Americans and men are at greater
risk for incident HF than Caucasians and women, respectively (21,46).
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While we evaluated a large bi-racial community cohort over a long follow-up, limitations
should be noted. ABI was calculated from oscillometric, rather than currently recommended
Doppler BP; although the oscillometric device has been previously validated (8,13,42).
Ankle BP was measured in one randomly chosen extremity which may have led to
underestimation of the prevalence of low ABI. Incident HF was determined from
hospitalization and death certificate ICD-9 codes, although these HF codes have been
previously demonstrated to have high validity in ARIC (21,52). The observed HF incidence
rates may not be directly applicable to a contemporary time period due to temporal changes
in the management of cardiovascular disease and its risk factors. We did not find an
increased risk of HF among participants with an ABI >1.40, although the relatively low
numbers of participants with high ABI (2.4%) and incident HF may limit statistical power in
this group. Finally, future studies are needed to clarify the pathophysiologic mechanisms
and clinical implications of low ABI to HF risk.

Conclusions

In a community based bi-racial cohort of middle aged Americans, an ABI < 1.00 was
significantly associated with an increased risk of HF independent of traditional HF risk
factors, prevalent CHD, carotid atherosclerosis, and interim MI. Low ABI may not only
reflect overt atherosclerosis, but also pathologic processes in the development of HF beyond
epicardial atherosclerotic disease and Ml alone. A low ABI, as a simple non-invasive
measure, may be a risk marker for HF.
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Figure 1. Incident heart failure according to categories of ankle brachial index in the ARIC
study

A: Cumulative incidence plot for heart failure according to ankle brachial index.

B: Risk of incident heart failure according to ABI as a continuous variable in the ARIC
study.

ABI of 1.2 was reference value for restricted cubic spline analysis. Solid blue line indicates
hazard ratio, with dashed lines indicating 95% confidence interval.

Hazard ratio adjusted for age, sex, race, center, coronary heart disease, anti-hypertensive
medication use, systolic blood pressure, diabetes mellitus, body mass index, smoking status,
and heart rate. Inset table shows adjusted hazard ratios for categories of ABI as compared to
an ABI of 1.11-1.20.
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Figure 2. Risk of incident heart failure according to ABI and risk factors for

heart failure

Reference ABI for hazard ratios = 1.01-1.40. CHD = coronary heart disease, HTN =
hypertension, DM = diabetes mellitus, BMI = body mass index. Hazard ratios adjusted for
age, sex, race, center, coronary heart disease, anti-hypertensive medication use, systolic
blood pressure, diabetes mellitus, body mass index, smoking status, and heart rate.
Significant interactions are shown in red: sex (p <0.001), BMI (p = 0.001), and smoker (p

<0.001).
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Figure 3. Forest Plot of risk of incident heart failure along with incidence rates per 100 person

—&@—— Hazard Ratio {95% Cl)

years according to ankle brachial index stratified by race and gender in the ARIC study
Within each race gender category, the reference ABI for hazard ratios was 1.01-1.40.

Hazard ratios adjusted for age, center, coronary heart disease, anti-hypertensive medication

use, systolic blood pressure, diabetes mellitus, body mass index, smoking status, and heart

rate. Interaction for racexsex, p = 0.059. Rate is per 100 person years.
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Table 2

Risk of incident heart failure according to ankle brachial index in the ARIC study, 1987-2008.

Ankle Brachial Index Category
<0.90 0.91-1.00 1.01-1.40 >1.40
Heart Failure, n (%) 119 (23.2) 294 (17.8) 1352 (12.7) 44 (13.9)

*Incidence rate (95%Cl)

1.48 (1.24-1.77)F

1.03 (0.92-1.15)"

0.71 (0.67-0.75)

0.77 (0.57-1.03)F

Model 1 216 (1.79-2.61)  1.46 (1.29-1.66) Ref 1.08 (0.80-1.46)
Model 2 159 (1.32-1.93)  1.42 (1.25-1.61) Ref 0.92 (0.68-1.25)
Model 2a 1.40 (1.12-1.75)  1.36 (1.16-1.58) Ref 0.90 (0.62-1.30)
Model 3 155 (1.28-1.88)  1.43 (1.26-1.63) Ref 0.94 (0.70-1.27)
Model 3a 1.40 (1.12-1.74)  1.36 (1.17-1.59) Ref 0.95 (0.66-1.38)
Model 4 152 (1.26-1.84)  1.41 (1.24-1.60) Ref 0.92 (0.68-1.24)
Model 4a 1.38(1.10-1.72)  1.35 (1.16-157) Ref 0.90 (0.62-1.30)
Model 5 157 (1.22-2.01)  1.43 (1.22-1.69) Ref 0.79 (0.52-1.18)
Model 5a 1.35(1.01-1.81)  1.38 (1.14-1.68) Ref 0.87 (0.54-1.40)
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*
Incidence rate = number per 100 person years.

Reference ABI 1.01-1.40:
Tlog rank p < 0.0001.

;tlog rank p = 0.62.

Values from models are hazard ratios (95% confidence intervals)

Model 1 = unadjusted.

Model 2 = adjusted for age, sex, race, center, prevalent coronary heart disease, anti-hypertensive medication use, systolic blood pressure, diabetes
mellitus, body mass index, smoking status, and heart rate.

Model 2a = model 2 + carotid atherosclerosis (n=10,183)

Model 3 = model 2 + interim myocardial infarction as a time varying covariate.

Model 3a = model 3 + carotid atherosclerosis (n=10,183)

Model 4 = model 2 + interim coronary heart disease as a time varying covariate.

Model 4a = model 4 + carotid atherosclerosis (n=10,183)

Model 5 = model 2 after excluding participants with prevalent coronary heart disease or interim myocardial infarction (n=11,558).
Model 5a = model 5 + carotid atherosclerosis (n=9,007).
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