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BACKGROUND: Sudden cardiac death (SCD) is a significant global public health problem accounting for 15% to 20% of all
deaths. A great majority of SCD is associated with coronary heart disease, which may first be detected at autopsy. The ankle—
brachial index (ABI) is a simple, noninvasive measure of subclinical atherosclerosis. The purpose of this study was to examine
the relationship between ABI and SCD in a middle-aged biracial general population.

METHODS AND RESULTS: Participants of the ARIC (Atherosclerosis Risk in Communities) study with an ABI measurement be-
tween 1987 and 1989 were included. ABI was categorized as low (<0.90), borderline (0.90-1.00), normal (1.00-1.40), and
noncompressible (>1.40). SCD was defined as a sudden pulseless condition presumed to be caused by a ventricular tachyar-
rhythmia in a previously stable individual and was adjudicated by a committee of cardiac electrophysiologists, cardiologists,
and internists. Cox proportional hazards models were used to evaluate the associations between baseline ABI and incident
SCD. Of the 15081 participants followed for a median of 23.5years, 556 (3.7%) developed SCD (1.96 cases per 1000 person-
years). Low and borderline ABIs were associated with an increased risk of SCD (demographically adjusted hazard ratios [HRs],
2.27 [95% Cl, 1.64-3.14] and 1.52 [95% CI, 1.17-1.96], respectively) compared with normal ABI. The association between low
ABI and SCD remained significant after adjustment for traditional cardiovascular risk factors (HR, 1.63 [95% ClI, 1.15-2.32]).

CONCLUSIONS: Low ABI is independently associated with an increased risk of SCD in a middle-aged biracial general population.
ABI could be incorporated into future SCD risk prediction models.
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public health concern, with an estimated 356500

occurrences annually in the United States,"? ac-
counting for 50% of all cardiovascular death.® SCD is
a leading cause of death in the United States, and on a
global scale, an estimated 4-5million SCDs occur each
year.* Furthermore, SCD is associated with ~80% of
coronary heart disease (CHD) cases, often first detected

Sudden cardiac death (SCD) represents a significant

at autopsy.® There is an increasing need to prevent SCD
at both population and global levels.®

Subclinical atherosclerosis has been associated with
risk of SCD. We previously showed that carotid intima-
media thickness is associated with the risk of SCD in 2
biracial community-based cohorts.” However, measure-
ment of carotid intima-media thickness requires special
equipment such as ultrasound and trained readers.®
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CLINICAL PERSPECTIVE

What Is New?

* In a middle-aged biracial cohort, subclinical
atherosclerosis, measured by ankle—brachial
index, was associated with an increased risk of
sudden cardiac death over a median follow-up
of 23.5years.

e |ow ankle—brachial index (<0.9) was indepen-
dently associated with an increased risk of sud-
den cardiac death in the ARIC (Atherosclerosis
Risk in Communities) study.

What Are the Clinical Implications?

e The ankle-brachial index is a simple, noninva-
sive measure of subclinical atherosclerosis, and
detecting subclinical atherosclerosis by ankle—
brachial index could potentially aid health care
professionals in providing patient-centered care
to reduce the risk of sudden cardiac death.

Nonstandard Abbreviations and Acronyms

ARIC
SCD

Atherosclerosis Risk in Communities
sudden cardiac death

In contrast, the ankle—brachial index (ABI) is a simple,
noninvasive measure of subclinical atherosclerosis.®'°
By comparing blood pressure in the upper and lower
limbs, ABI can be seamlessly incorporated into routine
physical examinations, making it more widely available
compared with carotid intima-media thickness. Indeed,
ABI is known to predict CHD,"" stroke,'? cardiovascular
death,'®™ and cancer death.!® The association between
subclinical atherosclerosis, measured by ABI, and the
risk of SCD remains unexplored. Therefore, the purpose
of this study is to determine whether ABI is associated
with SCD in the general population, independently of
traditional cardiovascular risk factors.

METHODS

Study Cohort

We studied the participants of the ARIC (Atherosclerosis
Risk in Communities) study. Details of the ARIC study
have been described elsewhere.'® Briefly, the ARIC
study is a prospective cohort study that enrolled 15792
adults aged 45-64 years between 1987 and 1989 from
4 US communities (suburbs of Minneapolis, Minnesota;
Forsyth County, North Carolina; Washington County,
Maryland; and Jackson, Mississippi). Of those 15792
ARIC participants at visit 1 (1987-1989), we excluded
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participants with missing ABI data or covariates (n=585),
those with a history of lower-extremity revascularization
(presence of clinical peripheral artery disease; n=25),
those with self-reported race other than Black or White
(n=47), and Black participants from the Minnesota and
Maryland centers (n=54), resulting in a study population
of 15081 participants. The participants were followed
for a median of 23.5years. The study was approved by
the institutional review boards at all institutions involved
in the study, and informed consent was obtained
from all participants. Anonymized data and materials
have been made publicly available at the database of
Genotypes and Phenotypes and can be accessed at
https://www.ncbi.nlm.nih.gov/gap/.

Exposure Measurement

ABl was measured at baseline. ABl measurement in the
ARIC study has been previously described.!® Briefly,
resting ankle and brachial pressures were measured by
a standard protocol using a DIANAMAP 1846 SX auto-
mated oscillometric device (Critikon, Tampa, FL). Ankle
blood pressure was measured with the individual in the
prone position, in only 1 leg, which was selected on the
basis of the fifth digit of the ARIC ID. If the number was
even, the right leg was used; if the number was odd, the
left leg was used. Following a first manually triggered
measurement to calibrate the occlusion pressure, 2
readings of ankle blood pressure were taken 5 to 8 min-
utes apart. Two brachial blood pressure measurements
were measured in the supine position, 5minutes apart.
The ABI was calculated as the average of the 2 resting
ankle systolic pressure readings divided by the aver-
age of the 2 resting brachial systolic pressure readings.
Participants were categorized on the basis of baseline
ABI per a scientific statement from the American Heart
Association (low, <0.90; borderline, 0.90 to <1.00; nor-
mal, 1.00-1.40; and high, indicating noncompressible
arteries, >1.40).'°

Other Variables of Interest and Covariates
Participants reported information on smoking, alcohol
intake, and physical activity. Seated blood pressure was
measured 3 times, and the average of the last 2 was
used for the analysis. In addition, sociodemographic
variables were obtained at baseline, including age,
race, sex, education, and field center. Hypertension
was defined as systolic blood pressure >140mmHg,
diastolic blood pressure >90mmHg, or treatment for
hypertension. Diabetes was defined as fasting glucose
>126 mg/dL, nonfasting glucose >200mg/dL, treatment
for diabetes, or a self-reported physician diagnosis of
diabetes. Prevalent CHD was defined as self-reported
CHD or the presence of a previous myocardial infarc-
tion by electrocardiography at baseline. Prevalent heart
failure (HF) was defined as self-reported use of HF
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Table 1. Baseline Characteristics of the Cohort Based on ABI Status
ABI
Low (<0.90; Borderline (0.90 to Normal (1.00-1.40; Noncompressible
Total (n=15081) n=628) <1.00; n=1641) n=12440) (>1.40; n=372)

Age,y 5416 (5.76) 55.76 (5.91) 5410 (5.81) 54.06 (5.73) 55.21 (5.67)
Male, n (%) 6747 (45) 208 (33) 474 (29) 5854 (47) 211 (57)
Black, n (%) 4018 (27) 207 (33) 434 (26) 3308 (27) 69 (19)
Education, n (%)

Below high school 3567 (24) 221 (35) 436 (27) 2827 (23) 83 (22)

High school 6149 (41) 250 (40) 694 (42) 5058 (41) 147 (40)

College or more 5341 (35) 157 (25) 510 (31) 4533 (37) 141 (38)
Current drinking, n (%) 8396 (56) 308 (49) 886 (54) 7011 (57) 191 (51)
Current smoking, n (%) 3914 (26) 251 (40) 479 (29) 3101 (25) 83 (22)
Physical activity index 2.36 (0.57) 2.26 (0.62) 2.36 (0.59) 2.36 (0.57) 2.40 (0.56)
Diabetes, n (%) 1770 (12) 117 (19) 213 (13) 1394 (11) 46 (12)
Hypertension, n (%) 5227 (35) 303 (48) 626 (38) 4179 (34) 119 (32)
Coronary heart disease, 616 (4) 47 (8) 73 (5) 477 (4) 19 (5)
n (%)
Heart failure, n (%) 704 (5) 66 (11) 98 (6) 526 (4) 14.(4)
Systolic blood pressure, 121.20 (18.77) 125.81 (21.38) 123.18 (20.11) 120.81 (18.46) 118.08 (16.11)
mmHg
Diastolic blood pressure, 73.66 (11.25) 72.85 (12.06) 73.35 (11.56) 73.80 (11.18) 71.52 (10.79)
mmHg
Heart rate, min 66.66 (10.31) 69.14 (11.66) 68.71 (11.17) 66.32 (10.06) 64.72 (10.35)
Corrected QT interval, ms | 0.40 (0.42) 0.38 (0.08) 0.38 (0.03) 0.40 (0.47) 0.38 (0.04)
Body mass index, kg/m? 27.68 (5.32) 27.98 (6.08) 28.35 (6.10) 27.54 (5.15) 28.83 (5.61)
Cornell voltage, PV 1225.18 (551.11) 1225.10 (586.45) 1186.75 (549.24) 1228.40 (549.60) 1289.00 (539.97)
LDL cholesterol, mg/dL 137.59 (39.29) 146.24 (42.12) 139.683 (39.49) 136.89 (39.07) 137.38 (39.39)
HDL cholesterol, mg/dL 51.64 (17.15) 51.14 (17.29) 52.80 (17.23) 51.61 (17.18) 48.46 (15.29)

Data are presented as mean (SD) or n (%). P<0.001 for all variables except corrected QT interval (0.67). ABI indicates ankle—brachial index; HDL, high-density

lipoprotein; and LDL, low-density lipoprotein.

medications within 2weeks (“Were any of the medica-
tions you took during the last 2 weeks for HF?”) or man-
ifest” HF by Gothenburg criteria.’® Cornell voltage for
left ventricular hypertrophy was defined as the sum of
S-wave amplitude in V3 and R-wave amplitude in aVL
on ECG. High-density lipoprotein cholesterol level was
determined using enzymatic methods, and low-density
lipoprotein cholesterol level was calculated using the
Friedewald equation.

Sudden Cardiac Death

SCD was defined as a sudden pulseless condition pre-
sumed to be due to a ventricular tachyarrhythmia in a
previously stable individual without evidence of a non-
cardiac cause of cardiac arrest. All events classified as
fatal CHD (out of hospital definite myocardial infarction,
definite fatal CHD, or possible fatal CHD) that occurred
by December 2012 were adjudicated by a committee
of cardiac electrophysiologists, cardiologists, and in-
ternists. After a review of available data, cases were
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classified as definite SCD, possible SCD, not sudden
arrhythmic death, or unclassifiable. For this analysis, all
patients with definite or possible SCD were considered
as SCD.’

Statistical Analysis

Participants were categorized on the basis of baseline
ABI by the commonly used guideline-based categories
noted above.'® Kaplan—-Meier curves for SCD based on
these ABI categories were generated. Age, race, and
sex-adjusted Kaplan—Meier curves were subsequently
generated. Then, log-rank testing was used to com-
pare among the groups. Association between ABIl as a
continuous variable and risk of SCD was also evaluated
using Cox proportional hazards models.

Cox proportional hazards models were used to eval-
uate associations of incident SCD with baseline ABI. ABI
was treated as a continuous variable (per 0.10 decrement)
and a categorical variable. We constructed 3 adjustment
models, including model 1: adjusted for age, sex, race,
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Figure 1. Kaplan-Meier curve with the end point of SCD based on ABI status.

ABI indicates ankle—brachial index; SCD, sudden cardiac death; and VI, visit 1.

education, and field center; model 2: model 1+CHD, HF,
diabetes, body mass index (BMI), high-density lipopro-
tein and low-density lipoprotein cholesterols, current al-
cohol use, and current smoking; and model 3; model
2+hypertension, Cornell voltage, and heart rate.
Subgroup analyses were performed by age (below
versus above median, 54years), sex, race, the sta-
tus of CHD, HF, diabetes, hypertension, and obesity

(defined as BMI >30kg/m?). Stratified analyses were
performed in each stratum. Difference in hazard ratio
(HR) between 2 strata was examined from stratified
models. In sensitivity analyses, we explored a different
ABI cut point for high ABI (ABI, 1.30) as used in the pre-
vious ARIC study.'® P<0.05 was considered significant.
All statistical analyses were performed using Stata 17.0
(StataCorp, LP, College Station, TX).
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Figure 2. Association between ABI as a continuous variable and risk of SCD.
Hazard ratio was estimated from Cox proportional hazards models. The gray zone
represents 95% CI. ABI indicates ankle-brachial index; and SCD, sudden cardiac death.
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Table 2. HRs and 95% Cls of SCD based on ABI Category

SCD Low <0.90 2.27 (1.64-3.14); <0.001 1.68 (1.19-2.37); 0.003 1.63 (1.15-2.32); 0.006
Borderline 0.90-1.00 1.52 (1.17-1.96); 0.001 1.32 (1.01-1.72); 0.044 1.24 (0.94-1.63); 0.134
Normal 1.00-1.40 Ref Ref Ref
Noncompressible >1.40 119 (0.73-1.94); 0.481 110 (0.64-1.87); 0.733 115 (0.67-1.97); 0.606

Model 1: adjusted for age, sex, education, race, and field center. Model 2: model 1+CHD, HF, diabetes, BMI, HDL and LDL cholesterols, current alcohol
drinking, and current smoking. Model 3: model 2+hypertension, Cornell voltage, and heart rate. ABI indicates ankle—brachial index; BMI, body mass index;
CHD, coronary heart disease; HDL, high-density lipoprotein; HF, heart failure; HR, hazard ratio; LDL, low-density lipoprotein; and SCD, sudden cardiac death.

RESULTS

Baseline Characteristics of the Cohort

The mean age of study participants was 54 years
(SD, 5.8), and a minority were men (n=6747; 44.8%).
Of the 15081 participants, there were 628 (4.2%)
with low ABI and 1641 (10.9%) with borderline ABI.
Baseline characteristics of the cohort based on ABI
status are shown in Table 1. Participants with lower
ABI were more likely to be older, men, Black, and more
likely to have diabetes, hypertension, CHD, and HF
(P<0.001).

ABIl and SCD

Over a median of 23.5years of follow-up, there were
556 (3.7%) SCD events (1.96 cases per 1000 person-
years). Figure 1 shows Kaplan—Meier curves by ABI
status with the end point of SCD. The overall P value for
all 4 categories were significant (P<0.001 by log-rank
testing). Age, race, and sex-adjusted Kaplan—Meier
curves by ABI status with the end point of SCD are
shown in Figure S1. The overall P value remained sig-
nificant (P<0.001 by log-rank testing). Association be-
tween ABI as a continuous variable and risk of SCD

are shown in Figure 2. HRs were estimated from Cox
proportional hazard regression models. Risk of SCD is
gradually increased with decrease in ABI.

HRs with 95% Cls of SCD based on ABI status are
shown in Table 2. Low and borderline ABIs were asso-
ciated with an elevated risk of SCD (HR, 2.27 [95% ClI,
1.64-3.14] and HR, 1.52 [95% CI, 1.17-1.96], respec-
tively) in comparison with normal ABI. The association
between low ABI and SCD remained significant after
adjustment for traditional cardiovascular risk factors
but not for borderline ABI (HR, 1.63 [95% ClI, 1.15-2.32]
and HR, 1.24 [95% ClI, 0.94-1.63]; Table 2).

Sensitivity Analysis

Stratified analysis was performed on the basis of age
group, sex, race, CHD, HF, diabetes, hypertension, and
obesity (defined as BMI >30kg/m?) (Table 3). The as-
sociations of ABI with SCD were generally consistent
across the subgroups except sex and diabetes. HRs
for low ABI were higher in men (compared with women)
and in participants with diabetes (compared with those
without diabetes). When we used a different cut point
for high ABI (ABI, 1.30), the results were largely similar
(Table 4): low and borderline ABIls were associated with
an elevated risk of SCD (HR, 2.23 [95% ClI, 1.61-3.08]

Table 3. Stratified Analysis: HRs of SCD for Participants With Low ABI (Reference: Normal ABI)

Age Above 1.806 (1.221-2.671); 0.003 Below median 1.173 (0.509-2.703); 0.708 0.359
median
Sex Male 2.701 (1.757-4.153); <0.001 Female 0.813 (0.443-1.490); 0.502 0.002
Race Black 1.913 (1.170-3.127); 0.010 White 1.430 (0.860-2.379); 0.168 0.421
CHD Yes 1.371 (0.654-2.872); 0.403 No 1.804 (1.215-2.678); 0.003 0.521
HF Yes 1.760 (0.738-4.194); 0.202 No 1.753 (1.191-2.579); 0.004 0.994
Diabetes Yes 2.720 (1.605-4.610); <0.001 No 1.286 (0.783-2.110); 0.320 0.042
Hypertension Yes 1.743 (1.142-2.659); 0.010 No 1.570 (0.842-2.925); 0.156 0.785
Obesity (BMI >30) Yes 1.865 (1.021-3.408); 0.043 No 1.546 (0.999-2.391); 0.050 0.621

Model: adjusted for age, sex, education, race, field center, CHD, HF, DM, BMI, HDL and LDL cholesterols, current drinking, current smoking, hypertension,
Cornell voltage, and heart rate. The median age was 54 years. ABI indicates ankle—brachial index; BMI, body mass index; CHD, coronary heart disease; HDL,
high-density lipoprotein; HF, heart failure; HR, hazard ratio; LDL, low-density lipoprotein; and SCD, sudden cardiac death.
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Table 4. HRs and 95% Cls of SCD Based on Alternative ABI Cut Point (ABI, 1.30)

ABl and SCD

HR (95% CI); P value
Event ABI category ABI range Model 1 Model 2 Model 3
SCD Low <0.90 2.23 (1.61-3.08); <0.001 1.67 (1.18-2.35); 0.004 1.62 (1.14-2.31); 0.007
Borderline 0.90-1.00 1.49 (1.15-1.93); 0.003 1.31(0.998-1.71); 0.052 1.23 (0.93-1.62); 0.150
Normal 1.00-1.30 Ref Ref Ref
Noncompressible >1.30 0.89 (0.67-1.19); 0.430 0.95 (0.70-1.28); 0.729 0.97 (0.71-1.32); 0.848

Model 1: adjusted for age, sex, education, race, and field center. Model 2: model 1 adjustors+CHD, HF, diabetes, BMI, HDL and LDL cholesterols, current
drinking, and current smoking. Model 3: model 2 adjustors+hypertension, Cornell voltage, and heart rate. ABI indicates ankle—brachial index; BMI, body mass
index; CHD, coronary heart disease; HDL, high-density lipoprotein; HF, heart failure; HR, hazard ratio; LDL, low-density lipoprotein; and SCD, sudden cardiac

death.

and HR, 1.49 [95% CI, 1.15-1.92], respectively) in com-
parison with normal ABI (model 1 in Table 4). The asso-
ciation between low ABIl and SCD remained significant
after adjustment for traditional cardiovascular risk fac-
tors but not for borderline ABI (HR, 1.62 [95% ClI, 1.14—
2.31] and HR, 1.23 [95% ClI, 0.93-1.62)).

DISCUSSION

In a middle-aged biracial cohort, low ABI was inde-
pendently associated with an increased risk of SCD
over a median follow-up of 23.5years. This association
remained significant after adjusting for traditional car-
diovascular risk factors.

Previous studies have examined the associations
between ABI and CHD," stroke,® cardiovascular
death, and all-cause death.”®'* However, to the best
of our knowledge, this is the first study demonstrating
the association between ABI and SCD. ABI is com-
monly used in clinical practice as a diagnostic method
for lower-extremity peripheral artery disease'®?! and
serves as a surrogate marker for generalized athero-
sclerosis.?? In a previous study, we showed that ca-
rotid intima-media thickness was associated with the
risk of SCD.” Our current study extends this finding by
showing that subclinical atherosclerosis, as measured
by ABI, is associated with the risk of SCD.

Several possible mechanisms may link subclinical
atherosclerosis and SCD. Subclinical atherosclerosis
may indicate CHD and heart failure®?3; both are asso-
ciated with an increased risk of ventricular arrhythmia
and SCD.® As CHD remains the dominant cause of
SCD in the United States and about 50% of SCD oc-
curs as the initial presentation of any heart disease,?*
it is most likely that progression of atherosclerosis
plays an important role in developing SCD. In a pre-
vious autopsy study, >80% of the subjects with SCD
had severe CHD, including previously undetected
myocardial infarction.® Additionally, inflammation may
serve as a link between subclinical atherosclerosis and
SCD. Subclinical atherosclerosis has been shown to

J Am Heart Assoc. 2024;13:e032008. DOI: 10.1161/JAHA.123.032008

be associated with inflammation,?® and inflammation
has been linked to the risk of SCD.?5:2

Our results have important clinical and public health
implications. As ABl is a simple, noninvasive measure of
subclinical atherosclerosis, detecting subclinical athero-
sclerosis by ABI could potentially aid health care profes-
sionals in providing patient-centered care to reduce the
risk of SCD. From a public health perspective, most SCD
occurs in the general population, rather than in high-risk
patients such as those with cardiomyopathy and chan-
nelopathy. Detecting subclinical atherosclerosis could
help reduce the risk of SCD by promoting healthy life-
style and initiating earlier pharmacologic therapies.

The strengths of this study include a large sample
size with over 15000 participants and the inclusion of
a racially diverse population with a long follow-up (me-
dian >23.5years). Additionally, SCD was adjudicated by
a panel of experts, which could have reduced the risk
of misclassification. Limitations of the study should be
acknowledged. First, our analyses relied on measure-
ments of ABI from a single leg at baseline. Measurement
of bilateral ABI might have provided a more robust
association between ABI and SCD and could have
reduced the risk of misclassification. We performed
sensitivity analyses with a different ABI cut point and
confirmed the robustness of our findings. Second, the
ABI measurement was based on an oscillometer de-
vice. A Doppler probe was not used for the study. In
one study comparing the diagnostic accuracy of an
automated oscillometric ABI with the standard Doppler
ABI, a small ABI overestimation was observed after os-
cillometry.?® However, we believe that oscillometric ABI
has been proven to be a good screening method, suit-
able in a general cohort. Third, given the study’s obser-
vational design, there remains a possibility of residual
confounding. However, we have adjusted for traditional
risk factors, and sensitivity analyses were performed.

In summary, low ABI is independently associated
with an increased risk of SCD in a biracial general pop-
ulation. Therefore, ABI could be incorporated into fu-
ture models for predicting SCD risk.
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