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Abstract

The ankle-brachial index (ABI) is a marker of subclinical atherosclerosis related to health-adverse outcomes. ABI is inexpensive
compared to other indexes, such as coronary calcium score and determination of carotid artery intima-media thickness (IMT).
Our objective was to identify how the ABI can be applied to primary care. Three different methods of calculating the ABI were
compared among 13,921 men and women aged 35 to 74 years who were free of cardiovascular diseases and enrolled in the
Brazilian Longitudinal Study of Adult Health (ELSA-Brasil). The ABI ratio had the same denominator for the three categories
created (the highest value for arm systolic blood pressure), and the numerator was based on the four readings for leg systolic
blood pressure: the highest (ABI-HIGH), the mean (ABI-MEAN), and the lowest (ABI-LOW). The cut-off for analysis was
ABI < 1.0. All determinations of blood pressure were done with an oscillometric device. The prevalence of ABl< 1% was 0.5, 0.9, and
2.7 for the categories HIGH, MEAN and LOW, respectively. All methods were associated with a high burden of cardiovascular
risk factors. The association with IMT was stronger for ABI-HIGH than for the other categories. The proportion of participants with a
10-year Framingham Risk Score of coronary heart disease >20% without the inclusion of ABI<1.0 was 4.9%. For ABI-HIGH,
ABI-MEAN and ABI-LOW, the increase in percentage points was 0.3, 0.7, and 2.3%, respectively, and the relative increment was 6.1,

14.3, and 46.9%. In conclusion, all methods were acceptable, but ABI-LOW was more suitable for prevention purposes.
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Introduction

The ankle-brachial index (ABI) is the ratio of systolic
blood pressure measured at the ankle — at the pedis
dorsalis or posterior tibial artery — divided by the systolic
blood pressure measured in the arm at the brachial artery.
A lower ABI value is associated with multiple occlusions
between the aorta and the distal limb arteries (1,2). The
ABI has been presented as an important tool for diag-
nosing peripheral artery disease (PAD), although its role
as a screening test for PAD is controversial (3). Further-
more, an abnormal ABI was able to re-classify the Framing-
ham Risk Score, in women more than in men (4). For the
purpose of PAD diagnosis, ABI has been calculated by
assessing the highest value of the ankle blood pressure
to estimate the maximum perfusion pressure in the limb
(ABI-HIGH) (5). In contrast, Schroder et al. (6) showed
that using the lowest ankle blood pressure for the
numerator of the ABI (ABI-LOW) increases the sensitivity
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for PAD assessed by arterial duplex sonogram with no
loss of specificity. The results of the AtheroGene study
revealed that the use of ABI-HIGH underestimated the risk
for cardiovascular events (7). The Multi-Ethnic Study of
Atherosclerosis presented a different approach at base-
line, adding a new ABI calculation by using the average of
the arm blood pressure measurements (ABI-MEAN). The
odds ratios of ABI-HIGH for association with subclinical
atherosclerosis were the greatest compared to the other
methods (8). However, the sensitivity of ABI-LOW was
better than ABI-HIGH (8). Furthermore, a scientific state-
ment from the American Heart Association did consider
that the lowest of the limb pressures is a more reliable
method to risk-stratify individuals (ABI-LOW) (9). To verify
this new statement, the researchers conducting The Genetic
Determinants of Peripheral Arterial Disease study (The
GenePAD) on 1,413 patients who underwent an elective
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coronary angiogram for coronary heart disease (CHD)
evaluation compared the results of the 5-year follow-up for
all-causes mortality and cardiovascular mortality; the
hazards ratios were higher for ABI-LOW than ABI-HIGH,
without the loss of combined sensitivity and specificity
when applying the ABI-LOW (10). The Heinz Nixdorf
RECALL (risk factors, evaluation of coronary calcium and
lifestyle) study, with a 5-year follow-up, revealed a higher
association between ABI-LOW and PAD than ABI-HIGH
and PAD (11). A reappraisal of three National Health and
Nutrition Examination Surveys that measured ABI revealed
that different methods can alter substantially the number
of people eligible for secondary prevention (12).

One hypothesis to be tested is how incremental ABI-
MEAN or ABI-LOW will perform for overall cardiovascular
risk evaluation compared to the traditional calculation
(ABI-HIGH). The Brazilian Longitudinal Study of Adult
Health presents a unique opportunity to test this associa-
tion among 15,105 apparently healthy adult men and
women (12—17).

Material and Methods

ELSA-Brasil is a cohort study described elsewhere in
detail (12—-16). Briefly, it follows 15,105 voluntary civil
servants participants aged 3574 years living in 6 Brazilian
cities (Belo Horizonte, Porto Alegre, Rio de Janeiro,
Salvador, Sdo Paulo, and Vitoria). They were enrolled
for follow-up addressing cardiovascular and diabetes
as primary outcomes. History of previous cardiovascular
disease and smoking status was self-reported. Anthropo-
metric and physiological parameters were measured by
trained nurses using standard equipment and techniques.
Diagnoses of hypertension (15), diabetes (16), and dyslipi-
demia (17) were obtained using standardized methods
described elsewhere.

ABI measurement

Ankle and brachial pressure were measured by a
trained and supervised team of nurses using an automatic
blood pressure monitor (Omron model HEM-705 CP,
Japan). We did not use a mercury sphygmomanometer
for all participants because of legal environmental restric-
tions on mercury disposal in some Brazilian states. The
systolic pressure at the brachial artery was measured three
times with the subject in a supine position, at 2-min inter-
vals. Next, systolic blood pressure at the posterior tibial
artery was measured three times in both legs at 2-min
intervals. The first blood pressure measurements in the arm
and legs were not included in the calculation of mean values.

Lower ABI cut-off definition

We used the ABI inferior cut-off of 1.0 instead the
classical ABI <0.9, and compared it to the values between
1.00 and 1.39. The ABI <1.0 cut-off was selected after
consulting the results of a systematic review of 25 studies
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with 4,186 subjects, which compared oscillometric and
Doppler measurements. This meta-analysis concluded
that oscillometry is a reliable and practical method, but it
recommended changing the ABI cut-off to <1.0 in contrast
with the classic ABI <0.9 when oscillometric devices are
used (18). The Heinz Nixdorf RECALL study, which applied
the oscillometric method, used an ABI cut-off of <1.0 (11).

ABI calculation methods

We created three different ways to determine ABI
based on the numerator by computing the four values for
blood pressure in the limbs. ABI-HIGH was the highest
value, ABI-MEAN was the average, and ABI-LOW was the
lowest of these same four values for blood pressure in
the limbs. The denominator was the same for all ABI, i.e.,
the higher of the two supine systolic blood pressure
readings at the brachial artery.

Intima-media thickness (IMT) measurement

The intima-media thicknesses of 1-cm portions of the
distal left and right common carotid artery far walls were
obtained by ultrasonography and automatically calculated
using MIA software (Medical Imaging Applications, USA)
over three cardiac cycles. More detailed information about
IMT measurement in the ELSA-Brasil study can be found
elsewhere (19,20). We used the maximum IMT value
obtained on either side of the carotid arteries. For the
purpose of this analysis, we chose two categorical vari-
ables. One was IMT values below and above the 75th
percentile, and the other category was defined by values
greater or less than 1 mm of thickness observed at least in
one common carotid artery.

Sampling and statistical analysis

Of the 15,105 participants, we included 14,894 (98.6%)
who had the three blood pressure readings taken by an
automatic device at each of the tibial and right brachial
arteries. We excluded 973 participants who reported coro-
nary heart disease, heart failure, or stroke, totaling 13,921
people. Additionally, we excluded persons with ABIl >1.4,
regardless of computation method, and the total varied for
each category as described in Table 1.

Continuous variables are reported as means + SD, while
categorical variables are reported as frequency and percent.
The ttest was used to compare means between parametric
distribution variables. The chi-square test was used for com-
parison between categorical variables. To identify the associa-
tion between ABI and cardiovascular risk factors, we applied
binary logistic regression analysis using ABI as the depen-
dent variable, and risk factors as independent variables
adjusted for age, gender, ethnicity, and research site.

To compare ABI with a marker for subclinical athero-
sclerosis, we used the two different categories of IMT:
greater than the 75th percentile, and thickness greater
than 1 mm. We applied logistic regression using IMT as
the dependent variable and ABI (categorical) adjusted for
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Table 1. Sociodemographic characteristics of the three categories obtained by
using different methods of calculating ankle-brachial index (ABI) at baseline in the
ELSA-Brasil study participants (2008-2010).

ABI HIGH ABI MEAN ABI LOW
(n=12,795) (n=13,576) (n=13,816)
Overall 65 (0.5%) 126 (0.9%) 378 (2.7%)
Gender
Men 27 (0.50%) 53 (0.90%) 161 (2.60%)
Women 38 (0.50%) 73 (1.00%) 217 (2.80%)
Race
White 26 (0.40%) 59 (0.80%) 187 (2.60%)
Mixed 20 (0.60%) 34 (0.90%) 104 (2.70%)
Black 17 (0.80%) 28 (1.30%) 67 (3.10%)
Asian 1 (0.30%) 2 (0.60%) 10 (2.90%)
Indigenous 1 (0.80%) 1 (0.80%) 6 (4.30%)
Education
Elementary 18 (1.20%) 35 (2.20%) 86 (5.20%)
High-school 16 (0.40%) 39 (0.8%) 129 (2.70%)
College 31 (0.50%) 52 (0.7%) 163 (2.20%)

Data are reported as n (%). The total number of participants according to these
categories varies due to the different proportion of people with ABI>1.4.

age (continuous), gender, ethnicity, and smoking status,
diagnosis of hypertension, diabetes, dyslipidemia, and
research site. The application of the Framingham Risk
Score provided the 10-year risk of hard CHD (<10%,
10-20%, and >20%) (21).

Sensitivity, specificity, and likelihood ratios for the
three ABI methods were tested against the two IMT
categories as the gold standard. Sensitivity was the ratio
between the number of participants with ABl <1.0 and
undesirable IMT by the total number of people with ABI
<1.0. Specificity was the ratio between the number of
participants with normal ABI and low IMT values by the
total number of people with normal ABI. The positive
likelihood ratios were defined as sensitivity divided by
1-specificity, and the negative likelihood ratios were
obtained by dividing 1-sensitivity by specificity.

Results

Table 1 shows that the prevalence of ABI <1.0 cal-
culated as ABI-LOW was five-fold the frequency obtained
when ABI-HIGH was used, and three-fold the frequency
when ABI-MEAN was applied. This pattern was the
same for gender and race. Regardless of the method of
computation, no differences of ABl <1.0 between men
and women were observed, but black participants had
a higher frequency of low ABI compared to whites.
ABI-LOW increased with age more than the other two
categories. The most important finding is that the method
of calculating ABI presents a different pattern of increase
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according to age strata, as described in Supplementary
Figure S1. The prevalence of ABI <1.0 using ABI-LOW
was highly significant, as it was in participants under
65 years of age.

Table 2 shows that participants with ABI <1.0 com-
pared to participants with normal ABI, regardless of the
method of calculation, were older, more likely to be smokers,
and to be diagnosed with hypertension, diabetes, or
dyslipidemia. A high frequency of these risk factors was
more visible when the category ABI-HIGH was used,
compared to ABI-MEAN and ABI-LOW. Applying logistic
regression (Table 3) allowed us to identify an association
with age for all three methods and to confirm that there
was no difference in ABI < 1.0 for gender. The presence of
ABI <1.0 was more frequent among blacks compared to
whites only when ABI-HIGH was used. Current smoking
was the most relevant risk factor for ABI <1.0. Dyslipi-
demia did not reach statistical significance for association
with altered ABI. Hypertension was not associated with
ABI <1.0 for the ABI-HIGH calculation but it was associ-
ated with ABI-MEAN and ABI-LOW.

To test the strength of association between the dif-
ferent ABI categories and a subclinical marker of athero-
sclerosis such as the common carotid artery IMT, we
applied logistic regression and found that ABI <1 doubles
the association with an altered IMT, but the odds ratios
were higher for ABI-HIGH compared to ABI-MEAN and
ABI-LOW (see Supplementary Figure S2).

Another approach described in Table 4 was to com-
pare the sensitivity and specificity of any ABI category
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Table 2. Age and prevalence of cardiovascular risk factors according to the three
categories of ankle-brachial index (ABI) obtained with different methods of
calculation at the baseline of the ELSA-Brasil study (2008-2010).

ABI ABI HIGH ABI MEAN ABI LOW
Age (years)
1.0-1.4 514 + 0.1 51.5 £ 0.1 51.5 £ 0.1
<1.0 58.3 £ 1.3 57.8 £ 0.9 55.8 £ 0.5

Risk factors
Current smokers

1.0-14 1689 (13.3%)

<1.0 26 (40.0%)
Hypertension

1.0-14 4224 (33.2%)

<1.0 37 (56.9%)
Diabetes

1.0-14 2297 (18.0%)

<1.0 24 (36.9%)
High LDL-C

1.0-14 7243 (56.9%)

<1.0 46 (70.8%)

17431 (3.0%)
44 (34.9%)

1701 (12.7%)
110 (29.1%)

4469 (33.3%)
68 (54.4%)

4430 (33.0%)
190 (50.4%)

2436 (18.1%)
43 (34.1%)

2425 (18.0%)
107 (28.3%)

7677 (57.1%)
88 (69.8%)

7661 (57.0%)
245 (64.8%)

Data are reported as mean*SE or n (%). LDL-C: low density lipoprotein

cholesterol.

Table 3. Odds ratio (OR) and 95% confidence interval (95%Cl) for the association between each category of ankle-brachial index (ABI)
and cardiovascular risk factors at the baseline of the ELSA-Brasil Study.

ABI HIGH ABI MEAN ABI LOW
OR 95%ClI OR 95%Cl OR 95%Cl
Age per year 1.09 (1.06-1.12) 1.08 (1.06-1.10) 1.05 (1.04-1.06)
Gender (male vs female) 1.09 (0.66-1.79) 1.06 (0.74-1.53) 1.08 (0.88-1.33)
Mixed vs white 1.59 (0.85-2.97) 1.21 (0.77-1.90) 1.19 (0.92-1.54)
Black vs white 2.10 (1.10-4.03) 1.54 (0.95-2.49) 1.25 (0.93-1.69)
Former smokers vs never smokers 0.97 (0.50-1.88) 1.42 (0.90-2.22) 1.25 (0.97-1.61)
Current smokers vs never smokers 4.78 (2.71-8.46) 4.68 (3.03-7.22) 3.18 (2.46—4.11)
Hypertension (yes vs no) 1.65 (0.97-2.79) 1.61 (1.10-2.36) 1.65 (1.32-2.06)
Diabetes (yes vs no) 1.68 (1.00-2.85) 1.66 (1.13-2.45) 1.44 (1.13-1.83)
High LDC-C (yes vs no) 1.43 (0.83-2.46) 1.34 (0.91-1.98) 1.16 (0.93-1.44)

ORs were adjusted for age (continuous), gender, and race. LDLC-C: low density lipoprotein cholesterol.

considering IMT as the gold standard. Regardless of the
calculation method, ABI <1.0 has a low sensitivity and a
high specificity for the reference test using either the 75th
percentile of IMT or IMT >1 mm. However, sensitivity and
the positive likelihood ratio were superior when ABI-LOW
was used compared to ABI-HIGH.

One important point is that each of these methods of
calculation can alter the proportion of people at high risk
for CHD. Table 5 shows that when applying the 10-year
CHD risk of the Framingham Risk Score at baseline to the
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ELSA-Brasil participants, the method of ABI calculation
matters. The proportion of participants with a 10-year
risk of CHD >20% without the inclusion of ABI <1.0
was 4.9%. For ABI-HIGH, ABI-MEAN and ABI-LOW, the
increase in percentage points was 0.3, 0.7, and 2.3%,
respectively, and the relative increment was 6.1, 14.3, and
46.9%.

We applied a sensitivity analysis to identify a modifi-
cation effect of previous disorders, as cancer and thyroid
dysfunction, but the results did not change substantially.
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Table 4. Sensitivity, specificity, positive and negative likelihood ratios (LR), and 95% confidence intervals for each category of ankle-
brachial index (ABI), using common carotid artery intima-media thickness (IMT) as a gold standard.

Sensitivity % (95%Cl)

Specificity % (95%Cl)

Positive LR (95%Cl)

Negative LR (95%Cl)

IMT75
ABI HIGH 0.87 (0.53-1.36)
ABI MEAN 1.66 (1.18-2.28)
ABI LOW 4.01 (3.25-4.89)
IMTGE1
ABI HIGH 1.26 (0.74-2.02)
ABI MEAN 1.96 (1.30-2.82)
ABI LOW 5.54 (4.42-6.84)

99.96 (99.52-99.81)
99.38 (99.17-99.55)
97.81 (97.45-98.14)

99.70 (99.55-99.81)
99.33 (99.14-99.50)
97.85 (97.52-98.15)

2.79 (1.50-5.18)
2.68 (1.74-4.13)
1.83 (1.42-2.36)

4.20 (2.26-7.80)
2.94 (1.87-4.61)
2.58 (2.00-3.33)

0.99 (0.99-1.00)
0.99 (0.98-1.00)
0.98 (0.97-0.99)

0.99 (0.98-1.00)
0.99 (0.98-0.99)
0.97 (0.95-0.98)

IMT75: cut-off at the 75th percentile; IMTGE: cut-off at 1 mm thickness.

Table 5. Participants with a 10-year Framingham risk score (FRS) greater than 20% with and without the addition of ankle-brachial index

(ABI) <1.0 as high risk.

ABI HIGH ABI MEAN ABI LOW
n Proportion at risk (%) n Proportion at risk (%) n Proportion at risk (%)
FRS >20%
Crude 18 4.9 34 4.9 67 4.9
Plus ABI 48 52 125 5.6 376 7.2
Absolute difference 0.3 0.7 23
Relative difference 6.1 14.3 46.9

Absolute difference presented in percentage points is the proportion of participants with a 10-year CHD risk >20% adding people who
have ABI <1.0. Relative difference (%) is the ratio between the absolute difference and the crude FRS >20%.

Discussion

In this large Brazilian cohort study of apparently healthy
adults, after excluding participants with ABI>1.4, the
prevalence of ABI< 1.0 differed according to the method
of computation used. Consequently, the prevalence of
peripheral artery disease can vary five-fold when com-
paring ABI-LOW and ABI-HIGH in the same sample. The
association with cardiovascular risk factors and with a
marker for subclinical atherosclerosis presented a higher
magnitude when ABI-HIGH was used, compared to
ABI-MEAN and ABI-LOW. All methods showed low sensi-
tivity and high specificity. A substantial increase in the
frequency of participants classified as having high risk for
CHD was observed only when ABI-LOW was applied.

The aim of our study was to identify a marker for
cardiovascular prevention, rather than determine an index
for measuring the prevalence of peripheral artery disease.
One reason is that our cohort (median age= 51 years) is
relatively young compared to others, and the frequency of
PAD is high in the elderly. As described in Supplementary
Figure S1, PAD prevalence rates vary widely depending
on the method adopted, and only the follow-up of our
participants will allow us to confirm which method of
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calculation will be the best for predicting PAD incidence in
the sample.

One criticism of our manuscript can be related to the use
of the oscillometric method for measuring blood pressure in
the legs instead of Doppler. ELSA-Brasil is not the first large
longitudinal study adopting this approach. The Heinz Nixdorf
RECALL is also applying this method with the same 1.0 ABI
cut-off (11). For the purpose of a primary care setting and
use in a cardiovascular prevention program, the oscillometric
method is simple, less time consuming, and cheap (22-25).
Moreover, the variability of this device was lower compared
to Doppler when applied in multicenter studies (25).

Our findings were relatively similar to data obtained
by MESA considering IMT as a marker for subclinical
atherosclerosis. ABI-HIGH had the highest odds ratio
for association with IMT. In contrast, ABI-LOW had the
highest sensitivity for IMT alterations in both the ELSA-
Brasil and MESA studies.

There was no difference in the ABI by gender in our
study, regardless of the method of calculation. These
results were similar to the MESA study (8), but different
from those of the Heinz-Nixdorf RECALL study, where the
frequency of ABI<0.1 was higher among women (11).
The association with risk factors in ELSA-Brasil was
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greater for smoking habit, diabetes, and high LDL-c, with
the highest odds ratios using ABI-HIGH. Similar results
were described in the GenePAD and MESA studies. In the
Heinz-Nixdorf RECALL study, this pattern occurred only
for diabetes, and in MESA for all risk factors including
hypertension, which in ELSA-Brasil was only related to
ABI-MEAN and ABI-LOW, but not to ABI-HIGH.

Reclassification of people with high risk of CHD by
adding ABI to the Framingham Risk Score is useful (4). In
the ELSA-Brasil cohort, all methods of calculation altered
the number of persons at risk, but the use of ABI-LOW
increased the proportion of participants with a 10-year
CHD risk >20%. This finding is in accordance with the
GenePad results and with Hiatt’s proposal to include ABI
as a marker for CHD risk (26). Although ABI-LOW shows
the weakest association with subclinical atherosclerosis,
its higher sensitivity allows the addition of more people
classified as high-risk for CHD events.

The limitations of our study are the cross-sectional
design and the use of an oscillometric device. However,
we addressed this question in an apparently healthy
sample of middle age adults with a racial diversity that
differs from other studies. The 32% increase of people
reclassified as high-risk by the Framingham Risk Score
applying ABI-LOW compared to ABI-HIGH can contribute
to improving cardiovascular prevention programs. We are
not advocating that one particular method of calculation is
better than another, but instead showing that the method
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